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Lay Summary

Conventional water treatment systems frequently exhibit diminished efficiency at high
salinity - a significant issue especially for real industrial effluents - mostly due to the creation
of intricate structures between pollutants and salts. One of the primary obstacles associated
with high salinity conditions is the generation of by-products that pose additional hurdles
for treatment. Nanobubble (NB) technologies have received considerable attention for
various applications due to their low cost, eco-friendliness, scale-up potential, process
control, and unique physical characteristics. Ozonation is one of the widely used AOPs
used in wastewater treatment techniques. But, there are certain limitations (i) low ozone
solubilities (ii) lower mass transfer rates (iii) high energy requirements. Combining ozone
with the nanobubble technology to overcome the above-mentioned limitations has been
the major goal in our proposed work. The unique properties of nanobubbles such as high
stability, small size, high gas transfer efficiency, oxidative potential and hydrophobicity
have made nanobubbles more appealing in the field of wastewater treatment. Thus,
experimental studies were performed to understand the characteristics and stability of
ozone in the form of nanobubbles. From the experiments, it was found that nanobubbles
enhance the process of ozonation by three major mechanisms (i) increased ozone solubility
leading to increased mass transfer rates (ii) increased formation of reactive oxygen species
(iii) increased number of active sites for the chemical reaction to take place. Stability
of ozone nanobubbles and dissolved ozone concentrations was measured for a period
of 20 days. Based on these findings, application of ozone nanobubbles in treating the
organics and heavy metals present in the water were performed. The organics included
antibiotics (e.g. tetracycline), dyes (e.g. green rit dye and methylene blue dye) and heavy
metals (e.g. arsenic). With the application of ozone nanobubbles, 100 % removal and
degradation of organic contaminants and heavy metals was achieved. The comparison
efficiency of ozone nanobubbles with conventional ozone microbubbles and macrobubbles
has also been presented in this work. The formation of reactive oxygen species, which
is the key mechanism for the degradation of the contaminants present in the wastewater
has been studied. ESR (Electron Spin Resonance) measurements and radical quenching
experiments confirmed the presence of reactive oxygen species being formed during the
nanobubble generation. Thus, ozone nanobubble technology can promote a chemical free,
cost effective and a practical approach in the wastewater treatment industry.



viii

Abstract

Ozone nanobubbles, in recent times, seems to have wide range of applications in wastewater
treatment. Several unique characteristics of nanobubbles such as high stability, increased
mass transfer rates etc. make them eminent in improving the efficiencies of the conventional
advanced oxidation processes (AOPs). These properties of ozone nanobubbles have been
studied in detail. Many practical applications of ozone nanobubbles have been presented.
In addition, directions for future research of ozone nanobubble technology and their
application in real life problems have been identified.
Ozone is known to be one of the most powerful oxidant used in wastewater treatment
processes. One of the primary disadvantages associated with ozone is its restricted
solubility and instability when dissolved in an aqueous solution. These characteristics
impose limitations on its potential applications and need the use of specialized systems
to facilitate gas-liquid interaction. In this work, the novel advanced oxidation process a
so-called ozone nanobubble technology for degradation of the pollutants at high salinity
conditions has been investigated. Enhancing the ozonation process through the utilization
of ozone nanobubbles was studied in this work. The findings of the experiment and
subsequent analysis indicate that the presence of nanobubbles enhances the process of
ozonation through three key mechanisms: (i) an increased mass transfer coefficient, (ii) a
higher rate of reactive oxygen species (ROS) generation attributed to the charged interface,
and (iii) the nanobubble interface serving as an active surface for chemical reactions. The
study showcased the degradation of methylene blue dye exhibited a much higher rate
of dye degradation compared to ozone microbubbles. The confirmation of the radical
degradation mechanism was achieved by the utilization of electron spin resonance (ESR)
measurements. The developed process has high potential for application in industrial scale
textile wastewater treatment.
In pharmaceuticals, especially antibiotics, in industrial and domestic effluents causes
serious damage to the environment. Classical wastewater treatment processes, in
particular conventional biological treatment methods, are not sufficient to rapidly eliminate
antibiotics. Typically, Advanced Oxidation Processes (AOPs) based on activation of
hydrogen peroxide, ozone or persulfate for production of particular type of radical species
or singlet oxygen are used. One of the cutting edge technologies to increase effectiveness
of AOPs based on ozone are nanobubbles based processes. Thus, this thesis focuses on
utilization of ozone in the form of nanobubbles for degradation of tetracycline (TC). This
studies revealed, that the presence of ozone nanobubbles had a substantial positive impact
on the degradation of TC. This improvement may be attributed to the enhanced mass
transfer and the production of reactive radicals that occur during the collapse of the
nanobubbles. Identification of radical species revealed a significant contribution of hydroxyl
radicals (•OH) and superoxide O2

•- in the degradation of the antibiotic. Based on identified
by LC-MS intermediates a degradation mechanism has been described. Degradation of
TC and intermediates transformations include demethylation, hydroxylation, ring-opening
steps as well as cleavage of C-N bonds.
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Organic pollutants, especially dyes, present in substantial amounts with high molecular
weight and complex structure are highly toxic and can contaminate natural waterways if
improperly treated. AOPs have proven to be an effective solution for chemical wastewater
treatment. Ozonation is recognized as one of the most prevalent AOPs. Nevertheless,
some cases show a lowered efficiency of O3 utilization is attributed to its inadequate
distribution in the treated water causing low mass transfer coefficient as well as shorter
half-life. This study demonstrates the application of ozone nanobubbles to enhance the
degradation of organics under high loading conditions. We propose an integrated method
that utilizes bulk nanobubbles to enhance the reactivity of ozone for the degradation of
organics. The degradation of the organic pollutant by ozone nanobubbles demonstrated a
threefold increase in reaction rate constants compared to microbubbles. The degradation
reaction exhibited second-order kinetics by ozone nanobubbles while ozonation alone offers
first-order kinetics. The efficiency of removing the organic pollutant was higher under
acidic pH conditions, as well as with lower concentrations of salts and surfactants. The
presence of reactive oxygen species and hydroxyl radicals was verified using scavenging
tests.
Arsenic, a highly toxic element, is present in various water resources as As(III) and/or
As(V). The removal of As(V) using adsorption is considered to be easier than the removal of
As(III). In this work, we report the oxidation of As(III) to As(V) using ozone nanobubbles.
Ozone has been widely used in the advanced oxidation process (AOP) to remove organics
and inorganics in wastewater. The major advantage of ozone nanobubbles is their enhanced
half-life, which leads to higher ozone solubility in water. In addition, the rate of mass
transfer by using nanobubbles can be enhanced drastically. The present results revealed
that ozone nanobubbles positively impacted the oxidation of As(III) to As(V). AOP process
based on O3 NBs (nanobubbles) was most efficient with 99% oxidation rates of 1 ppm of
As(III) within 20 minutes at 6.5 ppm ozone concentrations. An acidic pH of 3-7 promoted
quick oxidation due to the high mass transfer coefficient of ozone nanobubbles. About
∼ 70% degradation of As(III) to As(V) was achieved at acidic (pH = 3) compared to ∼
39% degradation at pH =11. The presence of salt (∼ 50 mM) in the solution not only
hindered the ozone mass transfer coefficient but also reduced the stability of nanobubbles.
The detection of reactive oxygen species, particularly hydroxyl radical was unravelled by
utilizing 2-propanol as a scavenger.
Keywords: Ozone; Nanobubbles; AOPs; Reactive oxygen species; Organic contaminant;
Arsenic;
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Chapter 1

Introduction

This chapter presents a summary of the properties of nanobubbles in accordance with
the applications. Various methods for the generation of nanobubbles have been discussed.
Combination of ozone with nanobubbles in the field of wastewater treatment as an Advanced
Oxidation Process (AOP) has been thoroughly discussed. Many practical applications using
ozone, air and oxygen nanobubbles have been presented. How nanobubbles are an important
factor with its application in the various advanced oxidation processes (AOPs) has also been
discussed. In addition, directions for future research of ozone nanobubbles technology and
its potential applications has been identified.

1.1 Overview

Water pollution refers to the discharge of contaminants into subsurface groundwater or
into lakes, streams, rivers and oceans to the point that the substances interfere with
the beneficial use of water or with the natural functioning of ecosystems. It increases
when there is any change in the chemical, physical or biological change in the quality of
water. Due to the increased population and industrialization, the necessity and scarcity
of drinking water has become a major concern. One of the major reasons for water
pollution is the release of toxic and organic contaminants in water resulting from rapid
population and industrial growth. These toxic pollutants include effluents from textile
industry, antibiotics, heavy metals etc. The complete removal of the contaminants from
the water is not possible due to various reasons. Therefore, in recent years there have a lot
of conventional technologies which have been focusing upon the treatment of wastewater.
These are referred to as Advanced oxidation processes (AOPs) which include Fenton-like,
ozonation, photocatalysis, electro-catalysis, ultrasound,wet-air oxidation and many more.
But these conventional technologies have shown limitations in terms of formation of
sludge and by-products, operating costs and not meeting the discharge needs. With these
growing challenges, there is a need for the development of a more effective and prominent
technology for the wastewater treatment. In this relation, nanobubbles have gained a
growing interest due to their unique properties which offer great opportunities to improve
existing wastewater treatment technologies.
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Figure 1.1: Range of bubbles sizes and corresponding major properties [1]

1.2 Introduction to nanobubbles

Nanobubbles are spherical packages of gas filled cavities with a volume equivalent diameter
of less than 1 µm [13] [3]. They are different from the conventional bubbles such as
macrobubbles or microbubbles. Macro and microbubbles are larger in size than the
nanobubbles and these conventional bubbles have been widely used in the wastewater
treatment processes. Some of these processes include floatation, aeration, disinfection
and membrane fouling. But these conventional bubbles have some limitations like they
disappear quickly in water either by bursting at the surface or shrinking and collapsing
within the liquid which limits their overall gas transfer efficiency. Nanobubbles, on the
other hand, possess high stability and can exist in water for a longer period of time.
With high stability, nanobubbles have other unique properties such as low buoyancy, high
negative zeta potential, high surface area to volume ratio, and their ability to generate
reactive oxygen species. A comparison of the size of the nanobubbles to the conventional
bubbles along with major distinctive properties is shown in Fig. 1.1 [1]. The application
of nanobubbles in wastewater treatment is regarded as a type of green technology as it
helps towards chemical free processes. This technology has the potential of replacing or
enhancing the potential of the conventional technologies.

1.3 Fundamental characteristics of nanobubbles related to

wastewater treatment

Nanobubbles are endowed with several physio-chemical properties that distinguish them
from the conventional macro and micro bubbles. The unique properties of nanobubbles
have been mentioned in Fig.1.2. Further, nanobubbles are classified as surface nanobubbles
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Figure 1.2: Fundamental physio chemical properties of nanobubbles [2]

(surface NBs) and bulk nanobubbles (NBs). Surface nanobubbles are define as as the
nanoscopic entities that are generated directly on the surface in form of a spherical cap.
When compared to NBs, they differ in terms of their mobility and have been investigated
to be stable for a longer period of time. Surface NBs are majorly used in froth flotation
and mineral processing applications. However, due to their immobility, surface NBs have
limited applications. NBs, on the other hand, are produced in bulk of the solution as freely
suspended spherical bubbles. A Brownian motion is followed by NBs in solutions. Because
of this Brownian motion, it is difficult to verify or model the behaviour of these NBs.
Nevertheless, many efforts have been made to investigate their fundamental properties
listed below.

1.3.1 Miniature size and high mass transfer efficiency

Bubbles are classified as macrobubbles, microbubbles and nanobubbles under water
according to their sizes Fig. 1.2. Macrobubbles, which are commonly used in fermentors,
gas-liquid reactors and ore floatation equipment, have diameters in the range of 2-5 mm.
These bubbles have a high tendency of quickly rising and bursting on the surface of
the liquid. Mirobubbles, have diameters ranging from 1-100 µm. These bubbles have a
tendency to be stable in water for a few seconds and the shrink, dissolve and disappear in
the bulk liquid itself. NBs on the other hand have diameters less than 1 µm and these small
spherical sizes of NBs provide a larger surface area-to-volume ratio as well as Brownian
motion with negligible buoyant force. Nanobubbles are generated in huge amount (106 to
109 NB/mL) and spread over a large area.
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For gas-liquid operations, the volumetric mass transfer coefficient (kLa) is an essential
measure of the aeration efficiency such as air floatation and aeration processes for treating
water. The efficiency of gas-liquid mass transfer is largely dependent on the size of the
bubbles. When the bubbles get smaller, there’s an increased rate of gas transmission [3].
Several studies have claimed that nanobubbles can significantly increase the gas transfer
efficiency in water. This further helps in enhancing the overall efficiency of the wastewater
treatment processes [5]. In one instance, Han et al. [14] investigated the mass transfer
coefficient (kLa) by varying the flow rates of the liquid and gas phases in a study where
microbubbles were created using the membrane approach. When the velocity increases,
the value of (kLa) exhibits a linear increase with the superficial gas velocity, reaches a
maximum point, and then stabilises at a constant value. Bai et al. [15] investigated the
influence of salt on the mass transfer characteristics of micro-nanobubbles produced by the
compression-dissolution process. Because NaCl prevents bubble coalescence, its presence in
a liquid solution causes a large increase in the interfacial area while concurrently decreasing
the liquid side mass transfer coefficient (kL). Therefore, kLa increased when salt addition
was done. Xue et al. [16] used oxygen nanobubbles to investigate the effectiveness of
mass transfer (kLa) and to compare the difference between nanobubble and macrobubble
aeration. The results of the aeration experiment comparing nanobubbles and macrobubbles
showed that the former had kLa values 5-8 times greater than the latter. O2 and O3 NBs
had 1.5 and 4.7 times greater mass transfer efficiencies than coarse bubbles, according to
Xiao and Xu [17] and Fan et al. [5], whereas MNBs have a 52.6% lower oxygen drop rate
than coarse bubble aeration, according to Chen et al. [18].

1.3.2 High negative zeta potential and hydrophobocity

The surface characteristics of NBs determine how they behave in liquid solutions and are
essential to their use. Ions disperse over the electrically charged surfaces of NBs, creating
an electrical double layer that encircles the bubble. A key variable in establishing bubble
stability and bubble-particle interactions, zeta potential assesses the electrical potential
(i.e., the charge repulsion and attraction) at the boundary of the diffuse layer. Although
it might vary depending on the situation, NBs’ zeta potential usually ranges from -50
mV to -20 mV [19]. In accordance with the literature, the small radius of NBs and the
strong polarity of hydroxyl ions cause dissociated hydroxyl ions to adhere to the bubble
surface, whereas hydrogen ions are more readily hydrated and prefer to remain in the bulk
liquid. This is the reason for the negative charge of NBs. A greater stability is indicated
by a greater absolute zeta potential because the surfaces of the NBs provide a repulsive
attraction that keeps them from combining [20].
Another crucial characteristic of NBs is their surface hydrophobicity, which enables them
to interact with other particles through hydrophobic attraction. While connected NBs
might encourage particle-particle or particle-bubble interactions by capillary bridging
processes that provide an attractive attraction between two surfaces, BNBs can adsorb
on hydrophobic particles and boost their mobility in the liquid [21].
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Figure 1.3: Nanobubble stability map from the force balance around a single nanobubble
[3]

1.3.3 Long term stability

Amongst the various properties that NBs possesses, long term stability is the most
astonishing and a peculiar property. When conventional bubbles are first generated, they
usually stay that size for a while before starting to expand and finally disintegrate into the
solution. On the other hand, the findings of the experiments have verified that NBs may
live in water for days or months at a time. With varying starting concentrations of NBs,
Nirmalkar et al. [13] tracked the temporal evolution of NBs’ mean diameters and found no
significant changes in their diameters for more than 170 days. Similar findings were made
by Wang et al. [22], who discovered that while CO2 NBs were less stable than 48 hours, N2

and O2 NBs were stable for 48 hours. This was mainly because CO2 has a larger density
and is more gas soluble.

Agarwal et al. [23] proposed a single nanobubble stability model for the nanobubbles
generated in pure water and salts. Sharma et al. [3] implemented the force balance
surrounding a single nanobubble to determine the NB equilibrium size in pure alcohols. The
stability of a group of nanobubbles might potentially be predicted using the force balance
model surrounding a single nanobubble. The electrostatic pressure operates naturally on
the nanobubble surface, as previously mentioned, and it tends to enlarge the interface.
The pressure that the electric double layer applies to the interface, on the other hand,
is known as the ionic forces. These ionic forces that result from solving the spherical
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Poisson-Boltzmann equation that were examined in a research by Tan et al. [24]. The
normal force of NB is opposed by the surface tension force. The Poisson equation provides
the following potential distribution around nanobubbles:

∂2ψ

∂xi2
= − ρe

ϵrϵ0
(1.1)

where ρe, ϵ0 and ϵr are the local electric charge density (C/m3), the permittivity of
free space and the relative dielectric constant. Assuming radial distribution, the Poisson
equation was further reduced to the following form:

1

r2
d

dr

(
r2
dψ

dr

)
= − ρe

ϵrϵ0
(1.2)

The boundary condition at the surface of the NB was:

dψ

dn
= − σi

ϵrϵ0
(1.3)

where σ is the surface charge density and n is the normal to the surface. Further, the
conservative force in terms of potential was as follows:

E =
∂2ψ

∂ni
(1.4)

where Fionic = qE. Ionic pressure was expressed as:

p =
F

4πRc
2 =

qσi

4πRc
2ϵrϵ0

(1.5)

or
Pionic =

σi
2

ϵrϵ0
(1.6)

On the other hand, the surface of the nanobubble experiences a perpendicular force from
the electrostatic pressure. The electrostatic pressure can be calculated by taking into
account two hemispheres and the force that expands them. The following equation to
represent electrostatic pressure was as follows:

Pelectrostatic =
σe

2

2ϵrϵ0
(1.7)

The surface charge density can be roughly represented as σe ≈ σi = σ when taking
into account the local electro-neutrality. Thus, the forces operating on nanobubbles in
equilibrium were represented as follows.

Pg + Pelectrostatic = PL + 2γ
Rc

+ Pionic (1.8)

Pg +
σe

2

2ϵrϵ0
= PL + 2γ

Rc
+ σi

2

ϵrϵ0
(1.9)

or (1.10)

Pg = PL + 2γ
Rc

+ σ2

2ϵrϵ0
(1.11)
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The equation of state for real gas was represented as:

Pg = PB0

(
R0

RC

)3

(1.12)

where PB0 is the gas pressure at R0. When considering charge conservation, the surface
charge density is expressed as follows:

σ =
ϵ0R0

2

Rc
2 (1.13)

Upon substitution, the following equation was formed:

PB0

(
R0
RC

3
)
= PL + 2γR0

RcR0
+ σ0

2

2ϵrϵ0

(
R0
RC

4
)

(1.14)

or (1.15)

ϕ3 − ζϕ2 − βϕ− α = 0 (1.16)

where

ϕ = RO
RC

(1.17)

α = PL
PB0

(1.18)

β = 2γ
R0PB0

(1.19)

ζ = σ0
2

2ϵrϵ0PB0
(1.20)

Thus, the size of the nanobubbles could be determined by analysing the force balance
which lead to a quadratic equation. This equation could be used to solve for the values of
ζ, α and β as shown in Fig. 1.3. The existence of stable nanobubbles was predicted with
the force balance model. The mean diameter and surface charge experimental findings
were included in the mechanical stability map. The results of the experiment aligned with
the stable regime of alcohol-based nanobubbles. The surface charge on the nanobubbles
was represented by the parameter ζ. For given values of α and β, there was a positive
association between an increase in ζ and the critical size of a single nanobubble. The
surface tension that we saw in the experiments is represented by β. In conclusion, while
nanobubbles may not be stable for all ζ and β values, but they were stable when their
surface charge and surface tension were equal.
The development of characterisation technologies has led to a growing amount of evidence
supporting the stability of NBs; nonetheless, further study is needed to construct
theoretical models that characterise and explain the stability of NBs, especially BNBs,
in liquid solutions. The most widely accepted explanation for the exceptional lifetime of
BNBs is the electrostatic repulsion concept, which has been the subject of several ideas
and models [25]. Molecular dynamics (MD) simulations have been utilised recently in BNB
research to elucidate the fundamental principles driving their stability. The stabilisation
mechanism of BNBs is intricate, as demonstrated by Gao et al. [26] who used molecular
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docking to highlight the role of NBs’ supersaturation, surface charge, interfacial molecular
structure, and high inner density.

1.3.4 High oxidative potential: radical producer and scavenger

One of the most appealing aspects of NBs is thought to be their ability to produce free
radicals, however the degree to which this is the case is still up for debate because it may
be challenging to identify radical species. Free radicals have been found in NB solutions,
according to several investigations, with hydroxyl radicals (•OH) being the most common
kind. Notably, because hydrogen has a potent antioxidant effect, H2 NBs functioned as
radical scavengers whereas other forms of NBs were shown to create reactive oxygen species
(ROS), as shown in Table 1.1. According to Liu et al. [32], H2 water with NBs had higher

Table 1.1: Detection methods of reactive oxygen species in NB research

NB type Detection method and
conditions Detection results Refs.

O2, H2 and O3 NBs
Electron spin resonance
(ESR) with DMPO as
radical trapping agent

Superoxide radicals
detected [27]

Air NBs and O2 NBs ESR with DMPO as radical
trapping agent

OH and methyl radical
detected [28]

O3 NBs
OH peaks observed only
when HCl was added as
stimuli

[29]

Air NBs and O2 NBs

Terephthalic acid
as probe compound
using a fluorescence
spectrophotometer

OH was observed on
applying ultrasound as
stimuli

[30]

CO2 NBs and N2 NBs
Limited amount of OH
observed when stimuli
was applied

O3 NBs Formaldehyde capturing
method using UV-vis

OH in range of 0-32
µgL−1 [5]

O2 NBs APF fluorescent probe
using a spectrophotometer

OH detected in
submicomolar level [31]

removal efficiencies than H2 water without NBs for four different forms of ROS (•OH
and O2

•–), suggesting that NBs can alleviate oxidative stress. Hydrogen NBs have the
potential to form hydrogen radicals (H•) [33]. However, they were unable to detect H•

using electron paramagnetic resonance (EPR), which might be because H• production is
sluggish and H• concentrations are below the detection limit. Rather, by transforming H•

into •OH by adding H2O2 and successfully seeing •OH, they provided an indirect proof of
H•’s existence. The exact mechanism by which NBs produce free radicals—for example,
whether they self-collapse in the absence of dynamic stimuli—remains a mystery despite
continuous investigation.
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Figure 1.4: Schematic diagram showing various nanobubble generation techniques:
A–hydrodynamic cavitation using venturi system, B–acoustic cavitation, C–Membrane
system, D–Centrifugal multiphase pump, E–electrolytic cell, F–micro- and nano-sized
nozzle [4]

1.4 Generation techniques of nanobubbles

Bulk NBs can be produced using a variety of generation techniques, such as water-solvent
mixing, acoustic cavitation, hydrodynamic cavitation (HC), nano-membrane filtration,
compression and decompression of gas, electrolysis, fluid oscillation, periodic pressure
changes, chemical reactions, vibrations, electric fields, and so forth. The schematic diagram
for a few of the commonly utilised NB generating methods is displayed in Fig. 1.4. Every
approach offers benefits, and the choice depends on the particular use case. The most
popular NB generating techniques are membranes and HC/acoustic cavitation, which may
be employed in specially created settings for study and with a wide variety of gases.
However, other techniques, like as electrolysis, are limited to using certain gases, thus
the process of electrolysing water can only produce H2 and O2 NBs.

1.4.1 Cavitation

One of the most popular methods for creating bulk NBs is cavitation. The cavitation
phenomenon is caused by bubbles that burst violently due to pressure differences. The
associated cavitation is referred to as hydrodynamic cavitation (HC) when the liquid’s
hydrodynamic motion is the reason behind the drop in liquid pressure caused by liquid
flow through a constriction such as venturi systems. Rather, the cavitation that results
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is referred to as acoustic cavitation when the decrease in liquid pressure is caused by
strong ultrasonic waves. Khaire and Gogate [34] have evaluated the uses of HC in food
processing in a very recent study. There are four ways that cavitation can produce
nanobubbles (NBs): (1) HC through a fluid flow; (2) acoustic cavitation from ultrasonic
waves travelling through the bulk liquid; (3) optical cavitation from a high-intensity laser
beam; and (4) particle-induced cavitation (cavitation caused by particles, such as protons,
passing through the liquid). Many researchers have used techniques that use a centrifugal
multi-phase pump, venturi-style cavitation, orifice plate, and throttling valve to produce
bulk NBs using HC. In order to define homogeneous nucleation, Li et al. [35] investigated
the production of MNBs by HC of deionised water. They discovered that while increasing
fluid velocity had no effect on bubble sizes, it did change the concentration of the bubbles
produced, and that the HC was capable of producing MNBs with a diameter of less than
50 µm. By utilising a needle valve and a centrifugal multi-phase pump with deionised
water at room temperature, Etchepare et al. [36] showed a novel technique for producing
nanobubbles by hydrodynamic cavitation. The maximum concentration of 4 × 109 bubbles
per mL at 5 bar was achieved. Its size was 60–70 µm and its surface tension was 49 mN/m.
Also, they said that the produced bubbles exhibited remarkable stability as, for as long as
two months, the size and concentration did not significantly vary.
Acoustic cavitation bubbles are the bubbles that arise from acoustic cavitation. More than
200 nm-sized NBs are produced by acoustic cavitation when the amplitude of the acoustic
pressure is quite high. Ultrasound radiation applied to water causes bubble nuclei to
expand and compress producing cavitation bubbles, which eventually collapse. Nirmalkar
et al. [13] investigated how bulk NB suspension was affected by sonication time at 20 kHz
and 750 W of power. They observed that as the sonication period was extended, the bubble
concentration went from 1.76 × 106 to 2.69 × 106 NBs/mL and thereafter grew to around
8 × 106 NBs/mL. Mo et al. [37] investigated the effects of ultrasonic exposure at 40 kHz
and 300 W of power. They found that the concentration of NB steadily rose at initially.

1.4.2 Membranes

It has been established that NBs are produced by membranes having nanopores [38].
Usually, a membrane is used to force a gas phase into a water phase. Next, at the
interface between the water phase and the membrane surface, size-controlled bubbles are
produced. This technique of NB generation involves two steps: the bubbles’ growth and
their detachment. While the drag force created by the water phase pushes NBs away and
separates them from the pore opening, the surface tension between the air and water keeps
them close to the entrance [39]. It is thought that reducing the pore diameter is essential
to getting NBs. Sharma et al. [3] studied the generation of oxygen nanobubbles in tubular
multi channel ceramic membranes with pore size of 1, 5 and 10 nm. The nanobubbles with
100-150 nm of size were generated. Dhungana and Bhandari [40] described how gaseous
NBs are produced using a ceramic membrane and how liquid food processing uses them.
They observed foaming in their dairy protein dispersion systems when the air and CO2
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MNBs were created by HC (venturi-style), in contrast to the ceramic membrane-based
technique. They also note that the continuous membrane NB production method is a
straightforward approach that can be included into a continuous system, and that the
working mechanism of cavitation-based approaches is complex, resulting in a lack of control
over bubble size and consistency. Ahmed et al. [41] investigation looked at the effects of
two distinct pore sizes—100 and 1000 nm—on the zeta potential and NB size. About 150
and 300 nm, respectively, was the diameter of the N2 and O2 NBs. At 60 PSI, the zeta
potentials of O2 and N2 NBs were -38 and -45 mV, respectively.

1.4.3 Ethanol-water mixing

A straightforward method for producing NBs in large quantities is the mixing of ethanol
and water, which has been extensively studied [42] and on surfaces [43]. Purified water is
used to replace (pre-distilled) ethanol in the production of NBs. The dissolved gases in
the combination become supersaturated when equilibrated solvents and ambient gases are
combined; this might lead to the nucleation of bulk NBs. Zhang et al. [44] noted warm
ethanol and water (45 ◦C) were shown to be more efficient in the production of NBs. They
studied the morphology of NBs using TM-AFM and reported the NBs had an average
height of 26 nm and a lateral dimension of 591 nm. Ethanol-water exchange was utilised
by Alheshibri and Craig [42] to create 200 nm-diameter NBs; interestingly, a higher ethanol
level produced fewer particles.

Table 1.2: Ozone reactions [11] [12]

No. Reactions Rate constant
In alkaline medium
1 O3 +OH− → O2 +HO2

− k1 = 40M−1s−1

2 O3 +HO2
− → O3

·− +HO2 k2 = 2.2×M−1s−1

3 HO2 +OH− → O2
− +H2O pK = 4.8

4 O2
·− +O3 → O3

·− +O2 k4 = 1.6× 109M−1s−1

5 O3
·−+H2O → HO·+O2+OH

− k5 = 20− 30s−1

6 O3
·− +HO· → O2

− +HO2 k6 = 6× 109M−1s−1

7 O3
·− +HO· → O3 +OH− k7 = 2.5× 109M−1s−1

8 O3 +HO· → HO2 +O2 k8 = 3× 109M−1s−1

In acidic medium
9 O3 → O +O2

10 O +H2O → 2HO·

11 HO· +O3 → HO2
· +O2 k11 = 1.1×108M−1s−1

12 HO2
· +O3 → HO· + 2O2 k12 ≤ 104M−1s−1

1.4.4 Electrolysis

In contrast to cavitation-based generation methods, electrolytic generation produces
gas nanobulks (NBs) by electrochemical reactions between various salts electrolysed on
electrodes. In addition, H2 and O2 NBs are produced during the electrolysis of water in
the presence of an acid or base. There have been several reports of bubbles forming at
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the electrode surface during electrolysis [45]. Achieving a high gas concentration using
electrolysis requires both the behaviour of the desired gas NBs and the concentration of
gas at the electrode surface. Zhu et al. [45] reported NBs that were stable for around
24 hours, measuring about 90 nm in diameter and 5 × 108 NBs per millilitre. Similarly,
Kukizaki [38] produced NBs by electrolysing water (O2); on days two and three, the control
group’s bubble diameter sizes were 30, 180, and 250 nm, respectively. Yadav et al. [27]
generated nanobubbles with a bubble density of 20 × 107 bubbles per mL. Their results
indicated that bulk nanobubbles were electrochemically reactive even after the cessation
of nanobubble production.

1.5 Ozone: a potential oxidant

Ozone is extensively employed for oxidation of pharmaceuticals in drinking water [46].
Ozone has enormous potential for treating wastewater due to its intense oxidation
capabilities. One useful tool for accelerating the oxidation of pollutants by ozone is
hydrogen peroxide [47]. Since it is an unstable trioxygen molecule, it needs to be produced
onsite. It has an exceptional inactivation capability against aquatic pathogens such as
bacteria, viruses, protozoa, and endospores because, in comparison to other widely used
disinfectants (free chlorine, chlorine dioxide, and UV radiation), it is a highly powerful
oxidant. When designing disinfection systems, factors like ozone concentration and contact
time, which are highly dependent on operation temperature, become crucial. Furthermore,
depending on the kind of organism, the pace at which ozone inactivates microorganisms
can vary by up to four orders of magnitude [48].
Ozone has the ability to interact both directly and indirectly with microorganisms and
pollutants. Direct reactions are very specialised and require ozone molecules. Conversely,
the indirect reaction entails the production of free hydroxyl radicals (•OH) by the
breakdown of ozone in water. These radicals are less selective (E0 = 2.07V) and more
reactive (E0 = 2.80 V) than ozone. Since hydroxyl ions have the ability to start the
processes that lead to ozone breakdown, the pH of the water plays a critical role in this
process. Above pH 10, the indirect route takes precedence over the direct ozonation when
pH is less than 4. Both direct and indirect ozone responses can be significant in waters
with a pH of 7, therefore treatment design should take them into consideration [49]. Many
studies were examining the mechanism and kinetics of the fundamental events related to
the degradation of ozone [50]. The following reactions in an alkaline media, as suggested
by Tomiyasu et al. [11], serve as the basis for the processes interpretation. Table 1.2
provides a list of the reactions that occur in an acidic media [12]. Nevertheless, the rapid
disintegration rate of dissolved ozone in water is much quicker than that in the gas phase
that limits the effectiveness of ozone oxidation. Thus, there is an urgent requirement for
techniques to extend the reactivity of aqueous-phase ozone, and several stabilisers have
been employed to boost groundwater ozone stability [51]. Advanced oxidation processes
(AOP) for eliminating organic pollutants through degradation are powerful and effective,



Chapter 1. Introduction 13

Figure 1.5: (a) Size distribution of nanobubbles; (b) The time course of O3
concentration during nanobubble and macrobubble aeration scenarios; (c) Size distribution
of macrobubbles [5]

Figure 1.6: (a) Ozone concentration time profile when using nano-ozone and macro ozone
bubble (b) Effect of (a) pH and (b) temperature on degradation kinetics of TMAH during
nano-ozone/H2O2 process (pH = 7, 7 10; t = 5, 25, 45 ◦C; H2O2 = 100 mg/L; n = 2) [6]

but they are usually restricted by their cost-effectiveness, necessitating further optimisation
and improvement [6]. Ozonation combined with nanobubbles has proven to be a green
technology which eliminates the above-mentioned problems by increasing the dissolution
rates and half-life of O3, ROS and hydroxyl radical formation and would permit an
upgrade to more affordable, chemical-free methods. Multiple studies have demonstrated
that NBs may successfully increase O3 dissolution and lifetime, hence extending O3’s
reactivity during ozonation [1]. Fan et al. [5], for instance, discovered that NB aeration
increases the dissolved O3 concentration and mass transfer coefficient by 1.7 and 4.7 times
respectively, compared to microbubble aeration shown in Fig. 1.5. According to Kim
et al. [6], O3 NBs had a half-life that was 23 times longer than O3 microbubbles as
depicted in Fig. 1.6. Additionally, Fan et al. [9] showed that NBs may increase the
concentration of OH. two to three times more than MB’s, which further enhanced the
ozonation’s removal effectiveness. According to a recent cost-benefit study, installing an
ONBs generator would benefit current water treatment facilities since it would be four
times less expensive overall and might result in annual savings of $375,000 [52]. A hybrid
system that uses forward osmosis (FO) and nanobubbles (NBs), two advanced technologies,
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Figure 1.7: An overview of how NB technology can enhance water and wastewater
treatment processes. [2]

to clean and reuse aquaculture wastewater in a way that is sustainable, energy-efficient,
and effective compared to traditional methods was investigated by Farid et al. [53]. The
dissolved solids and pharmaceutical chemical residues were removed from aquaculture
effluents with a high efficiency (about 98%) by the FO membrane, while the NBs served
as a physical membrane-cleaning agent that improved the lifetime and performance of the
FO membrane. 30% of oxytetracycline was reduced using ozone NBs attributed to the
formation of hydroxyl radicals that react with OTC for its oxidative decomposition. Kim
et al. [6] in this work employed a nano-ozone bubble to increase the ozone/H2O2 process’s
efficiency for the breakdown of tetramethylammonium hydroxide (TMAH), which is present
in semiconductor wastewater at high concentrations. Compared to the nano-ozone solo
reaction (0.9 × 10-4 min-1), the combined process exhibited a 162-fold quicker rate constant
(1.46 × 10-2 min-1). The nano-ozone bubbles/ H2O2 had a half-life that was 23 times
greater than the nano-ozone bubbles.

1.6 Applications of nanobubbles

Equipped with a deeper understanding of the characteristics and potential of NBs as
discovered by NB research over time, the focus of NB research has begun to shift towards



Chapter 1. Introduction 15

Figure 1.8: (A) Illustration of microbubble, nanobubble, and micro-nanobubble flotation.
(B) Apatite flotation mass recovery for various tailings. CB—conventional test,
NB—nanobubbles, NBC—nanobubbles with a collector, NBF—nanobubbles with a
frother. [7]

the use of NBs in a variety of industry sectors, such as water treatment, agriculture,
aquaculture, food processing, biomedical, and mineral processing. A smaller amount of
study has been done on NBs’ roles in membrane cleaning and adsorption. The majority of
research on using NBs in water treatment processes has focused on flotation and aeration,
followed by advanced oxidation processes and anaerobic digestion. These activities may
be further divided into three major categories: biological processes (aeration in bioreactor
and ecosystem remediation, anaerobic digestion), physical processes (flotation, membrane
cleaning, and adsorption), and chemical oxidation processes. Based on previous research,
Fig. 1.7 give a summary of the primary contributions made by NBs to each process.
The role of NBs can be summed up as follows: (1) their small size, high density, and
long-term stability allow them to be retained for longer periods of time, increasing mass
transfer efficiency and water mobility; (2) their hydrophobicity allows them to act as
particle carriers through hydrophobic attraction; and (3) although their contribution to
ROS generation has been minimal thus far, bursting of NBs generates ROS.
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Figure 1.9: Main mechanisms behind membrane cleaning in reverse osmosis membrane
processes [8]

1.6.1 Role of nanobubbles in floatation processes

For particles between 20 and 150 µm in size, conventional flotation provides significant
separation efficiency; nevertheless, recovering coarse and small particles outside of this
range continues to be difficult: Particle detachment makes it harder to recover coarse
particles, whereas low particle-bubble collision makes it harder to extract tiny particles [54].
In general, the likelihood of a collision and adhesion between particles/flocs increases with
their size relative to bubbles. Applying NBs, which have greater surface area-to-volume
ratios and are formed in bigger numbers, might thereby enhance the probability of impact
and adhesion with tiny particles. Additionally, by adhering to larger bubbles, NBs can
decrease the likelihood of small and coarse particles separating from larger bubbles and
enhance their contact angles [55]. A schematic of the comparison of NBs to MBs has been
shown in Fig. 1.8.

1.6.2 Role of nanobubbles in membrane cleaning/defouling

Modern membrane separation techniques are quite effective in removing contaminants
from wastewater, however fouling during membrane operations significantly reduces the
effectiveness of these procedures [56]. Numerous strategies have been put forth to address
the fouling issues. Among them, gas bubbling with coarse bubbles has been a commonly
employed tactic for membrane fouling mitigation; nevertheless, because huge bubbles have
a limited lifespan, constant or frequent intermittent bubble generation—which consumes
energy—is necessary for effective fouling management. On the other hand, because NBs
are long-lasting and exhibit Brownian motion in large quantities, they can provide a steady
turbidity that can aid in preventing the accumulation and deposition of particles on the
membrane. Additionally, the negatively charged surface and hydrophobicity of NBs can
remove positively charged ions and stop salts from binding. It’s also thought that the ROS
produced by NBs contributes to the direct degradation of organics as shown in Fig. 1.9
[9].
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Figure 1.10: Photocatalyst particle stabilization by MNBs. (A) Concentration profiles
of TiO2 particles as a function of time in three different solutions: MNB suspension,
MaB-aerated DI water, and DI water without aeration (labeled NonB). (B) Schematic
illustrating the forces of a TiO2 particle adhered to a bubble. (C) Detachment force (Fd)
of a TiO2 particle [9]

1.6.3 Role of nanobubbles in advanced oxidation processes

The use of advanced oxidation processes (AOP) to remove organic pollutants
through degradation is strong and efficient, particularly when it comes to directly
eradicating pathogens and stubborn contaminants in the aqueous phase. However, the
cost-effectiveness of these procedures frequently places a limit on them, necessitating more
improvement and optimisation. Ozonation is a frequently used AOP for water treatment
(e.g., cleaning drinking water or breaking down contaminants in water bodies). It is
an energy-intensive process that is made more difficult by O3’s short half-life and poor
solubility. Several investigations have demonstrated that NBs may successfully increase
O3 dissolution and lifetime, thereby extending O3’s reactivity during ozonation [1]. In
addition to ozonation, NBs have been used to support and improve other AOPs, such
as photocatalysis, which is extensively studied but has a restricted use because to its
low efficiency. It has been discovered that adding MNBs to the photocatalysis process
improves the interfacial photoelectric effects of TiO2/MNB suspensions, enriches oxygen
in solution, increases photocatalyst light absorption, stabilises and prevents photocatalyst
particle settling Fig. 1.10
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Figure 1.11: A schematic overview of the role of NBs in anaerobic digestion [10]

1.6.4 Role of nanobubbles in anaerobic digestion processes

Rich organic materials are present in wasted activated sludge (WAS), which is produced by
wastewater treatment facilities and can turn into a secondary contaminant if improperly
disposed of [57]. Anaerobic digestion, a commonly used green technique that uses WAS as
substrates to create renewable energy, is said to have a greater production efficiency when
NBs are included Fig. 1.11. The following are the roles of NBs in anaerobic digestion that
have been suggested by previous research: (1) Because of their tiny size and strong zeta
potential, NBs are able to transfer nutrients to the interior area of the biofilm and stimulate
the activity of microorganisms and enzymes by increasing the movement of water molecules
[58] (2) The NBs produced radicals can speed up the oxidative breakdown of substrates
by microbes [59](3) Oxygen-containing NBs stimulate increased metabolite transport and
ATP production [60] (4) Methanogens can use CO2 and H2 NBs as extra substrates [10].

1.7 Future prospects and potential applications

The spreading knowledge of the eye-catching characteristics of nanobubbles over the last
decade have shown a great potential for this promising technology by achieving remarkable
improvements in various water and wastewater treatment processes [61]. Nevertheless, the
use of NB technology in the purification and treatment of water is still in its preliminary
stages. Despite the increasing awareness of NBs’ potential, the majority of the research on
NBs that has been done so far has been restricted to lab-scale testing, which is occasionally
unfeasible and calls for establishing theoretical assumptions in order to reach a result. To
address the accompanying up-scaling challenges and to provide an accurate assessment of
NBs’ capabilities at the industrial scale, these systems must be tested at both the pilot
and full-scale levels.
The potential of NBs to improve the removal or degradation efficiency of organic
micro-pollutants (MPs), such as pharmaceutical active compounds (PhACs), personal
care products (PCPs), and endocrine disrupting chemicals (EDCs), is another area that
requires more investigation. The majority of published articles have tested NBs in distilled
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or synthetic waters. As a result, it is necessary to conduct experimental studies using
natural water or wastewater to learn how the various constituents, including organics,
salts, suspended solids, nutrients, and other contaminants, alter the properties of NBs
and manipulate their interactions. It will become harder to distinguish these components
from NBs, which might have an impact on how precisely NBs can be measured for their
many attributes. Therefore, to address these complications, improved characterization
approaches must to be taken into consideration. Lastly, additional research must be
conducted to evaluate the environmental and economic viability of NB applications in
various water treatment sectors. Even though NBs have several benefits in terms of
enhancing water treatment efficiency, if their cost is exorbitant, industrial implementations
will not be able to immediately adopt them.
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Chapter 2

Literature Review

With a brief review of literature, this chapter demonstrates the outcomes of various
research works so as to identify some promising areas of research that will be addressed
in the thesis. The literature has been presented for the following topics (i) Understanding
the characteristics of ozone in the form of nanobubbles (ii) Degradation of antibiotic
tetracycline (iii) Degradation of organic pollutants such as green rit dye and methylene blue
dye (iv) oxidation of As(III) to As(V) using ozone nanobubbles. The scope and objectives
of the present research work are also highlighted in this chapter.

2.1 Literature

2.1.1 Ozone nanobubble technology as a novel AOPs under high salinity
conditions

Literature survey

Conventional water treatment systems frequently exhibit reduced efficiency when salinity
levels rise, mostly due to the creation of complex compound between contaminants and
salts. One of the primary obstacles associated with high salinity conditions is the generation
of by-products that pose additional hurdles for treatment [62] [63].The advanced oxidation
techniques were often reported to be effective method of degradation of pollutants at
high salinity conditions. In recent years, AOPs, for instance, hydrodynamic cavitation
[64], ozonation [65], wet air oxidation [66], UV light [67], activated persulfate based
processes [68], per-carbonate [69], ultrasonic [70] [71] and Fenton process [72] etc., received
considerable attraction. The underlying principle of advanced oxidation is the formation
of reactive oxygen species (ROS), especially hydroxyl radicals, that are able to effectively
degrade organic pollutants. Ozonation is one of the AOPs which utilizes the ozone gas
to degrade the contaminants in the wastewater. The major underlying challenge with
ozonation is the poor gas-liquid mass transfer coefficient which leads low gas transfer
efficiency [1]. The advantage of adapting ozonation for water treatment is the higher
oxidation efficiency and no secondary product formation. Ozonation is an example of
gas absorption with a chemical reaction where the reaction rate depends on both mass
transfer and the reaction kinetics [73]. Owing to the slow dissolution of ozone gas, the mass
transfer becomes a rate-limiting step [74]. The ozone transfer rate is a strong function of the
concentration and size of the bubbles. By producing smaller size bubbles, the mass transfer
rate can eventually be improved [75]. However, the selection of ozonation as the AOP was
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reported to be expensive, indeed due to the poor gas-liquid mass transfer coefficient as well
as high ozone production cost, etc. The partial oxidation may form aldehydes, organic acid,
and ketones by this process [76] [77] [78]. The development of complex oxidation processes
has also been given significant attention, for example, the combination of O3 and H2O2,
combined UV and O3, catalytic ozonation with a metal ion, metal oxides or activated
carbon. These processes indeed enhance the ozonation efficiency but also pose challenging
problems such as scale-up for industrial-scale applications [79] [80] [81] [82]. In recent years,
ozone microbubbles have been used for the degradation of organic compounds [82] [83] [84]
[85] [86] [87]. For instance, Chu et al. [88] investigated the degradation behavior of the azo
dye and C1 reactive black dye by ozone microbubbles of the size and concentration of 58
µm and 2.9 x 104 bubbles/mL. The mass transfer coefficient and reaction rate constant
were reported to be 1.8 and 3.4 times higher than the conventional ozone contactor. The
reactive oxygen species, especially the hydroxyl radicals contribute to the degradation of
dyes. Microbubbles may enhance the degradation in two ways, namely (i) by enhancing the
mass transfer rate due to higher surface area (ii) the ROS and hydroxyl radical formation
is expected to enhance the degradation. The nanobubble provides a high surface area
to foster the chemical reaction to form higher rate of ROS. The collapse of microbubbles
formed during hydrodynamic cavitation was reported to produce hydroxyl radicals even
if the gas inside the bubble is air [89]. Similarly, Khuntia et al. [90] demonstrated the
quantification of hydroxyl radical generation by ozone microbubbles. The hydroxyl radical
generation was reported to be less in the alkaline medium than the acidic medium [90].
Moreover, recently ozone microbubbles were used in ground water remediation [91].
In this work, we have investigated the novel advanced oxidation process where the ROS
and free radicals were generated from ozone nanobubbles. Nanobubbles are long-lived
colloidal bubbles that have received significant attention from the scientific community
in the past decades. The nanobubbles possess unique and extraordinary properties, for
instance, extra longevity [13], strong negative surface charge [92], generate reactive oxygen
species [93] [31] [94] [95], the active sites for nucleation [96], ability to adsorb surfactant
molecules [97], capillary bridging formation [21], increases the slip on the surface [98] etc.
These properties enables the application of nanobubbles in water treatment [61], mineral
processing [99], food processing [100], medical applications [101], agriculture [102] and
aquaculture [103]. In this work, we have studied the ozone nanobubble behavior in the
high salinity conditions. The ozone nanobubbles are further demonstrated to degrade
the dyes under these adverse environmental conditions for advanced oxidation processes
(AOPs) conditions.

Scope for Research

Nanobubbles are called colloidal bubbles having size 100-200 nm, expected to enhance
the ozonation process further. In recent years, ozone nanobubbles are utilized to remove
or degrade the residual pesticides in vegetables [104], degradation of trichloroethane
in sands [105]. However, the properties and behavior of ozone nanobubbles have not
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been extensively investigated despite the overwhelming applications. This work focuses
on understanding the peculiar properties, ozone nanobubble dynamics and stability,
estimation of mass transfer coefficient, and measurement of free radicals and ROS’s during
nanobubble generation. In this work, we have generated only nanobubbles rather than a
mixture of micro and nanobubbles. The measured properties and mass transfer coefficient
pertain to only nanobubbles. A sample of methylene blue dye was used to demonstrate the
kinetics of dye degradation. The nanobubble stability model is used to explain the ozone
nanobubble dynamics in the presence of salts.

2.1.2 Degradation of antibiotic tetracycline

Literature survey

Antibiotics, a class of medicines, are widely used in treatments and are recognized as a
prominent category of persistent pollutants. Their presence in aqueous streams through the
discharge of animal husbandry, pharmaceutical wastewater, and medical wastewater raises
significant environmental concerns [106] [107] [108] [109]. Frequently used pharmaceutical
medications include ibuprofen, metformin, tetracycline, and acetylsalicylic acid, among
others [110]. Among the antibiotics, tetracycline is one of the broad-spectrum antibiotics,
effective against infections caused by gram-positive and negative microorganisms,
mycoplasma, and protozoan parasites. It is used extensively in veterinary medicine, human
treatment and the agricultural industry as a feed ingredient [111] [112]. Tetracycline is
often used as a growth promoter in aquaculture to amplify nutrient absorption, hence
facilitating farmers in augmenting production and productivity [113]. The persistent use
and inadequate handling practises contribute to the identification of tetracycline in various
water matrices including surface water, ground water, sewage water, and drinking water,
range from nanograms per litre (ng/L) to micrograms per litre (µg/L) [114] [115] [116].
In the long term, tetracycline presents a substantial risk to both plant and animal life.
Therefore, it is essential to create efficient remediation technology in order to guarantee
the elimination of tetracycline from wastewater [117].
The COVID-19 outbreak has had a significant impact on global public health, resulting in
nearly 6.5 million fatalities. The World Health Organisation has declared the COVID-19
a "public health emergency of international concern" [118] [119]. During the early stages
of the pandemic, infected individuals displayed symptoms similar to bacterial pneumonia
and were incorrectly treated with antibiotics that are ineffective against viral respiratory
illnesses [120] [121]. High levels of antibiotics in hospital effluent have been linked to the
high frequency of antibiotic treatments in medical facilities [122]. Amongst the various
techniques, advanced oxidation processes such as Fenton/Fenton-like oxidation [123],
photocatalysis [124] [125], electro-catalysis [126], ozone oxidation [78] [127], ultrasound [71]
[128] are the best recommended technologies for the treatment of the organic pollutants
present in wastewater [129]. The underlying principle of the advanced oxidation process
is the generation of reactive oxygen species, including hydroxyl radicals, that help in the
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degradation of the organics [130] [131]. The utilisation of AOPs, specifically ozone-based
AOPs, has become prevalent in the oxidation and potential mineralization of diverse
harmful and resistant organic pollutants in wastewater, intending to attain sustainable
development goals (SDGs) [132]. These processes derive their efficacy from the consistent
production of potent hydroxyl radicals (•OH) and ROS [133] [134]. Although there has
been significant progress in the creation of very effective catalysts for catalytic ozonation
processes, the stability and deactivation of these catalysts during prolonged operation
have severely limited their commercial uses [135] [136]. O3-based AOPs procedures for
wastewater treatment are further hampered by the limited solubility and low mass transfer
of ozone, which result in high operating costs[137] [138]. The addition of nanobubble
technology to the ozonation process (O3/NBs) holds a great potential to supplement the
current conventional AOPs for efficient pollutant removal because it has a higher ROS
generation rate and improved gas mass transfer efficiency than conventional ozonation
technology (O3 macrobubbles) [138] [139]. Nanobubbles are gas-filled cavities owing to
some distinctive properties such as high stability [13], a high surface area to volume ratio
[5], high negative zeta potential [92], low buoyancy [140], and the ability to generate radicals
[29] which allow them to contribute to physical, chemical and biological water treatment
processes in many ways [2]. Yang et al. [141] investigated the oxidative capacity of reactive
oxygen species (ROS) produced by ozone bubbles of different sizes. The results showed
the generation of ROS because of bubble shrinkage and collapse. Hydroxyl radicals were
produced after the reaction between ozone and hydroxide ions. Tetracycline in its various
chemical forms has been studied using the micro nanobubble technology for its removal
from the wastewater. Wang et al. [94] studied the degradation of oxytetracycline using
oxygen nanobubbles coupled with photodegradation. With the rise in pH (4.0-11.0), the
photodegradation efficiency of OTC increased from 45 to 98 percent. Quenching tests
showed that the photodegradation of OTC was mostly caused by the •OH radical as the
active species [94]. Chen et al. [142] investigated the effect of activated hydrogen peroxide
on the degradation of tetracycline hydrochloride using air micro and nanobubbles. Also,
MNBs with ozone in wastewater treatment, improved ozone’s mass transfer efficiency and
boosted ozone solubility and also helped in lengthening the reaction activity. Numerous
experimental research on micro-nano bubbles in combination with other processes have
been conducted [91] [143].

Scope for Research

There are recent studies on the degradation of the tetracycline using oxygen [94] and air
micro and nanobubbles [142], and ozone microbubbles [144]. Wang et al. [144] studied
the degradation of TC using ozone microbubbles of size less than 50 µm with 500 mg/L
of TC concentrations. It was evident from the rate constants that tetracycline degraded
more rapidly in acidic solutions than in basic ones. Radical scavenging and mineralization
experiments were also performed. However, little emphasis has been placed on investigating
the associated reaction kinetics, degradation routes, and nanobubble generation. Studies
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available on the degradation of the antibiotic tetracycline using ozone in the form of
nanobubbles are scarce and only some preliminary attempts were published. Thus, the
major objective of this work is to study the degradation of tetracycline using ozone as
a potential oxidant in the form of nanobubbles. Furthermore, various parameters such
as ozone flow rates (2.5-10 L/min), initial tetracycline concentration (100-400 mg/L),
varying pH (4-11), addition of salts (NaCl, 0.1-100 mM) and scavenging experiments were
performed. Radical quenching experiments, reaction kinetics, and liquid chromatography
coupled to mass spectrometry (LC-MS) were performed owing to the explanation of the
degradation mechanism of tetracycline. This study aimed to develop a catalyst-free and
green technology method for the degradation of antibiotics.

2.1.3 Degradation of organic contaminants from wastewater with high
pollutant loading

Literature survey

The advanced oxidation processes (AOPs) are the subject of extensive research due to
their potential to degrade many harmful contaminants from wastewater [145] [146] [147].
The most widely practiced AOPs are (i) Fenton reactions (H2O2/Fe2+) [148] [149] [150]
[151] (ii) H2O2 and H2O2-based processes [152] [146] [153] [154] (iii) ultrasound [155]
(iv) ozonation [156] [157] [158] [159] [160] (v) hydrodynamic cavitation (HC) [161] [162]
[163] (vi) photocatalysis and photo-electrolysis and sonophotocatalysis [157] [159] [164]
[165]. These AOPs have demonstrated excellent capabilities in treating a wide range
of wastewater. The AOPs provide high oxidation treatment efficiency, inconsequential
secondary contamination, and the possibility for explicit and flexible disposal, either
by directly mineralizing pollutants or by increasing the biodegradability of wastewater
through the formation of reactive oxygen species (ROS) [166] [167] [168] [169]. From
the above-mentioned processes, bubble technologies have extensively been studied in the
degradation of organic contaminants from wastewater. The detailed studies based on
ozone microbubbles enhanced color removal due to the strong oxidation ability [160] [156]
[160]. Hydrodynamic cavitation is regarded as an excellent option since it is economical,
scalable, eco-friendly, and especially useful for treating industrial wastewater [162] [163].
Hydrodynamic cavitation can be achieved by various devices such as a venturi device,
pump, jet nozzle, propeller, orifice plate, and so on. When the liquid pressure falls below
the vapor pressure of the liquid, the vapor cavities (bubbles) form, expand, and collapse.
Intense turbulence, extremely high local pressures (10–500 MPa), and temperatures
(1000–15,000 K) referred to as "hot spots,” are produced as the cavity collapses [161].
The water vapor and non-condensable gases inside the cavities decompose as shown in Eq.
(1) and (2), producing free radicals such as •OH, H and H2O2. These radicals can oxidise
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dissolved pollutants [170] [171].

H2O
HC−−→ •OH +H• (2.1)

2•OH +H• −→ H2O2 (2.2)

On the other hand, ozonation is widely known owing to its high reactivity, proven to be
effective against bacteria, fungi, and viruses [172], [173]. Major attempts have been put
forward in improvising the ozonation process with the inclusion of peroxides and thiosulfate
[174], combining ozonation with photocatalytic/electrolytic processes [175], and using
metal ions or metal oxides as catalysts [176]. In this work, we attempted to enhance the
ozonation by using ozone nanobubbles. The surface potential of nanobubbles is responsible
for their extraordinary stability by enhancing the repulsive electrostatic forces, high zeta
potential level prevents bubbles from coalescing [20]. The ozone nanobubble/H2O2 process
for the degradation of tetramethyl ammonium hydroxide (TMAH) showed a 162-fold faster
rate constant than that of ozone nanobubbles alone followed by pseudo-first-order kinetics.
The total organic carbon content removal was reported to be 65 % whereas 80 % of nitrogen
was converted into nitrate (NO3

-) with 95 % of TMAH removal [6]. In a nutshell, ozone
nanobubbles possess high reactivity in comparison to normal bubbles or microbubbles
owing to their higher surface area. The rate of mass transfer is frequently the limiting factor
in the gas-liquid process, and a low rate of mass transfer reduces the overall effectiveness.

Scope for Research

A major drawback of ozone is its limited solubility and stability when it is dissolved in
an aqueous solution. These characteristics restrict its potential applications and require
the employment of specialized equipment to promote gas-liquid interaction. In the present
work, we have proposed improving the ozonation process by including ozone nanobubbles.
The existence of nanobubbles may improve the ozonation process through three important
mechanisms: (i) an elevated mass transfer coefficient, (ii) a greater rate of reactive oxygen
species (ROS) production due to the charged interface, and (iii) the nanobubble interface
acting as an active surface for chemical reactions. The main goal of this study is to
find out how ozone nanobubbles break down organic pollutants in both basic and acidic
environments when there are contaminated environments (salts, surfactants) and when the
zeta potential changes from negative to positive. Finally, the degradation mechanism has
been proposed by analyzing the reaction products using LCMS methods.

2.1.4 Oxidation of Arsenic(III) to Arsenic (V) in wastewater using ozone
nanobubbles

Literature review

Arsenic (As) is a well-known carcinogenic metalloid that is classified in group 15 of
the periodic table and is recognised to be extremely toxic to humans among the listed



Chapter 2. Literature Review 27

geogenic pollutants. There are two main sources of As penetration into groundwater:
geogenic and anthropogenic [177] [178]. Naturally occurring microbes in groundwater
oxidise organic materials to produce hydrogen carbonate and carbonic acid salt. This
eventually increases the alkalinity of the solution by releasing As from the mineral surfaces.
On a separate note, As and its compounds are often utilised in many applications
(such as insecticides, fertilisers, medications, food additives, and wood preservatives)
and can infiltrate groundwater [179] [180]. Over 94–220 million humans are exposed to
contaminated groundwater containing arsenic, and 94% of them are from Asian areas
[181] [182]. Any concentration of As over the recommended threshold of 10 µgL–1 set by
the World Health Organisation (WHO) results in dangerous conditions such as cancer,
arsenicosis, hyperkeratosis, diarrhoea, diabetes mellitus, cerebrovascular disease, and
hypothyroidism [183] [184]. In order to combat harmful effects of Arsenic, many researchers
have summarised the numerous treatment technologies. However, most of them have been
in the form of brief but critical assessments [185] [186]. The currently available technologies
include membrane filtration [187], ion exchange [188], adsorption [189], electro-coagulation
[190]. Amongst the advanced oxidation processes, fenton reactions [191], photocatalysis
[192] etc. are included.

The selection of an As removal process for a particular location is influenced by a
number of factors, including the groundwater pH, redox potential, salinity, temperature,
concentration of metal sulfides and sulfate ions, presence of microorganisms and finally
the oxidation state of As [193] [194]. Thus, it is challenging for scientists and engineering
professionals to comprehend the extremely complex chemistry that involves the elimination
of As [185]. Unfortunately, current physicochemical treatment processes are limited by
their the exorbitant energy consumption and associated environmental/chemical emissions.
Amongst the treatment processes, oxidation is considered to be advantageous due to
its simplicity in use, low maintenance requirements, affordability and lack of additional
chemical requirements. Moreover, it is suitable for domestic use in a compact module or
in a municipal communal plant [195]. Conventional adsorbents and conventional arsenic
removal methods struggle to remove As(III), a neutral species that is mobile. As a result,
one crucial pretreatment to enhance the removal of arsenic is the oxidation of As(III) to
As(V). ALSamman et al. [196] listed the most efficient anodes used in the electrochemical
oxidation of As(III) to As(V). Platinum or titanium are the most significant anodes due
to their ≥ 90% oxidation capability. They also possess an ability to be employed for
extended periods of time. Many chemical oxidation agents such as chlorine dioxide, sodium
hypochlorite, manganese oxide [197], potassium ferrate [178] and hydrogen peroxide [198]
have also been used in oxidation treatment [199]. Besides the above, photo chemical
oxidation has also been employed by previous researchers [200]. This work examined a
novel technique for oxidising As(III) using VUV lamps that produce light at both 185 and
254 nm and found that the degradation occurred due to the formation of •OH radicals
by photo-splitting of water. There is some evidence in the effectiveness of traditional
oxygenation techniques, such as deep water aeration and artificial mixing between top and
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bottom waters [201]. However, the high capital and energy expenses of these methods,
inadequate capacity to fully regulate pH, and use of some hazardous oxidants that linger
in water have made them unsustainable [202].
Applications of advanced oxidation methods for the removal of heavy metals from water
has drawn immense attention in recent years [203] [204] [205]. Ozone, a powerful and
hygienic oxidant, can convert a variety of chemical molecules into simple and more readily
broken down molecular components [206]. However, there are a few limitations that
prevent the industrial practice of ozonation. Firstly, the expensive manufacturing process
of ozone. Secondly, the low ozone consumption owing to its poor mass transfer rates [207]
[208]. In this study, we carried out the oxidation of As(III) to As(V) using ozone in the
form of nanobubbles. Nanobubbles (NB) are gas-filled cavities with some distinguishing
properties such as greater stability [13], high surface area to volume ratio [5], negative
zeta potential [92], low buoyancy [140], and an ability to generate radicals [61]. This
allows them to contribute to physical, chemical, and biological water treatment processes
in many ways. According to recent reports, oxygen (O2), ozone (O3) or air NB collapse
to create a significant quantity of reactive oxygen species (ROS). An example is the •OH
radical which has a critical role in the oxidation of complex chemical molecules, nutrients,
pathogenic organisms, and other contaminants [61] [30] . Earlier, Khuntia et al. [209]
investigated oxidation of As(III) to As(V) using ozone microbubbles to be effective at
acidic pH, the oxidation reaction rates increased with increased ozone rates and pseudo
second order kinetics was followed. Recently, Han et al. [195] found that As(III) oxidation
to As(V) was very effective at pH 1 by blowing O2 nanobubbles. Tang et al. [210] studied
interfacial O2 nanobubble technology to address algal-induced hypoxia, which achieved
good performance for As mitigation in eutrophic waterways by oxidising As(III) to As(V).
They later sequestrated the As(V) by Iron-hydroxide under the oxic condition.

Scope for Research

Our assessment is that the research work conducted earlier is primarily directed toward the
use of ozone microbubbles to oxidise arsenite. Although there are a number of recent studies
available on oxidising As(III) using oxygen nanobubbles. However, little emphasis has been
placed on the application of ozone in the form of nanobubbles, the reaction kinetics being
followed and nanobubble generation. Hence, the major objective of this work is to study
the oxidation of As(III) to As(V) in the presence of nanobubbles using ozone as a potential
oxidant. It also re-examines the oxidation of As(III) to As(V) by varying conditions like
the ozone flow rates, initial As(III) concentrations, pH, salt addition, etc. Finally, the
presence of •OH radicals was investigated using 2-propanol as a scavenging agent. This
study aimed to develop a catalyst free and green technology method for the oxidation of
arsenic.
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2.2 Objectives of this work

The research work presented in this thesis has been divided into four major objectives which
are (i) to understand the characteristics and stability of ozone nanobubbles (ii) degradation
of antibiotics (iii) degradation of organic contaminants (iv) oxidation of As(III) to As(V).
Our work highlights the following aspects of wastewater treatment:

• Studying the characteristics of ozone nanobubbles, their stability and mass transfer
coefficient at varying ozone flow rates, pH and salt concentrations.

• Study the degradation of antibiotic tetracycline under various parameters such as
initial concentration of TC, pH and varying salt concentrations. To understand the
degradation mechanism by LC-MS analysis and comparison with ozone microbubbles
in the degradation efficiency.

• Study the degradation of organic contaminants (green rit and methylene blue dye)
at high pollutant loading conditions. The effect of presence of salts and surfactants
on the degradation of organics using ozone nanobubbles. Also, calculations of
degradation constants and degradation pathways using LC-MS techniques.

• Oxidation of As(III) to As(V) using ozone nanobubbles. Analyze the presence of
reactive oxygen species using radical scavenging experiments. Effect of presence of
salts and varying pH on the oxidation using ozone nanobubbles.

2.3 Organization of thesis

The research presented in this thesis aims to explore the application of ozone nanobubbles
in the field of wastewater treatment. The introductory Chapter 1 provides an overview
of the features and characteristics of nanobubbles in terms of applications. The flow of gas
into the aqueous phase has been described, and correlations for predicting the volumetric
mass transfer coefficient have been shown. Many practical applications including oxygen,
air, and ozone microbubbles, as well as traditional techniques involving bubbles for
wastewater treatment, have been demonstrated, with some now in different phases of
commercialization. Other key applications of nanobubbles for wastewater treatment have
been proposed, including the removal of organic and inorganic pollutants. Chapter
2 provides a quick survey of the literature and shows the findings of several research
studies in order to select some prospective topics of study to be tackled in this thesis.
The state-of-the-art for ozone nanobubble-based degradation of antibiotics (tetracycline),
arsenic, and organic pollutants was given. This chapter also highlights the scope and
purpose of the present effort. Chapter 3 describes the experimental apparatus utilised
for the ozonation of all pollutants. The materials utilised in this work and their sources
are listed. The experimental procedures used to conduct a thorough investigation of
pollutant ozonation are also described. The procedures for preparing and characterising
adsorbents are also provided. Chapter 4 starts with investigating the characteristics and
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properties of ozone nanobubbles under different conditions. It deals with the generation of
ozone nanobubbles under different parameters including effect of ozone flow rates, pH and
different salt concentrations. Their mass transfer characteristics during the generation of
ozone nanobubbles and after dissolution were also studied. The presence of reactive oxygen
species formed during the generation of ozone nanobubbles was also examined using the
ESR technology. One of the applications of degrading the organic methylene blue dye is also
presented in this chapter. Chapter 5 presents the work on the removal of the antibiotic
tetracycline from water using ozone nanobubbles. The effects of ozone feed rates, pH,
different concentration of monovalent salts on ozonation have been studied. Degradation
of tetracycline using oxygen nanobubbles, ozone sparging, in presence of hydrogen peroxide
and a combination of ozone nanobubbles + hydrogen peroxide has also been carried out
and compared with that of ozone nanobubbles. The mechanism for the degradation of
tetracycline has been investigated in detail. The presence of hydroxyl radicals and reactive
oxygen species has been studied by radical scavenging experiments. In Chapter 6, the
work on oxidation of arsenic using ozone nanobubbles has been reported. A wide range of
initial arsenic concentrations has been used in this study. The effects of ozone generation
rate and pH of the aqueous medium on the efficiency of ozonation have been studied.
The use of 2-propanol as the OH radical scavenger has been reported. The kinetics of
oxidation of As (III) with ozone was studied and the kinetic parameters were evaluated.
The effect of presence of monovalent salts on the ozonation was also studied. Chapter
7 presents the ozonation of organic contaminants green rit dye and methylene blue dye
using ozone nanobubbles. This work focused on the variation of concentration of both the
organic dyes with time, degradation products and kinetics of the reactions. The variation of
concentration of dye with time was investigated by Spectrophotometer. The degradation
mechanism was constructed from the data obtained from LC-MS. Parameters such as
pH, salt concentrations (mono, di and trivalent), surfactants (SDS and CTAB) were also
studied. Finally, a summary of the major findings of the works is presented in Chapter
8. This is followed by recommendation for future works.



Chapter 3

Experimental Methods

This chapter presents the details of the experimental setup used for the generation of ozone
nanobubbles, degradation of antibiotics and organic contaminants as well as oxidation of
As(III) to As(V). The chemicals required, the process of how the experiments will take place,
the instruments required for the characterization, methods of preparation of the solutions
are provided separately in each section of this chapter.

3.1 Experimental setup

The nanobubble generation setup consisted of an oxygen concentrator (Longfian Oxygen
Concentrator, MZJ10S24661, 10 L/min), an ozone generator (ISM 5-OXY, OZ-Air (India)),
a nanobubble generator (Fabricated from Nanokriti Pvt. Ltd.), a dissolved ozone analyser
(Q46H, Analytical Technology Inc., Collegeville, Pennsylvania, US), a circulating pump
(Earth 12v Dc 150psi Diaphragm Motor Pump Diaphragm Water Pump) and an acrylic
tank (10" × 10" × 15" (L × B × H)). Oxygen was isolated from air by the oxygen
concentrator. High purity oxygen (≥98% by volume) was generated by employing pressure
swing adsorption technique. This oxygen was fed to the ozone generator where oxygen
was converted to ozone through corona discharge method. The ozone generator had a
provision of controlling the generation rate of ozone by tuning the amount of ozone output
(1-100%). The output flow rates were controlled using an inbuilt rotameter (1-10 L/min)
for stable operations. The percentage of ozone in the gas mixture varied from 5-8 wt
%. A pressure gauge was also installed in the ozone gas sparging line connected to the
nanobubble generator. With varying ozone flow rates, the gas sparging pressure measured
to be in the range of 40-50 kPa during the experiments. The experimental setup for each
objective is presented in this section.
The ozone gas was passed through the nanobubble generator. The nanobubbles were
generated through nanopore diffusion method in which the gas dissolved in water when
passed through a ceramic membrane of 30 nm size. The mean bubble diameter of
the nanobubbles varied from 120-300 nm. The generation of ozone nanobubbles was
conducted in a re-circulation mode and the nanobubbles were generated continuously.
The solution contained in an acrylic tank was re-circulated through the nanobubble
generator. A dissolved ozone monitor (Q46H, Analytical Technology Inc., Collegeville,
Pennsylvania, US) that employs a polarographic membrane sensor was used to precisely
measure the amount of dissolved ozone present in water. The dissolved ozone monitor
used a polarographic membrane sensor to determine the dissolved ozone concentration
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Figure 3.1: Illustrative representation of the experimental set-up for the ozone nanobubble
generation and ozone nanobubble collapse leading to ROS formation, enhanced mass
transfer. The dissolved ozone has been measured online using the dissolved ozone analyser.

accurately. The display range of the monitor was 0-200.0 mg/L, and the accuracy was ±
0.1 mg/L. Calibrations for the analyser were performed beforehand using Ozone Zero Cal
and Ozone Span Cal method. The excess ozone produced during the ozonation experiments
were fed to the ozone destructor (OD-10, Ozone Destructor, Faraday Ozone) which was
placed above the acrylic tank. The destructor works on a catalytic reaction where MnO2

worked as a catalyst to convert the excess ozone gas to oxygen before releasing it to
the atmosphere. The experiments were performed in a room with air-conditioning. The
diaphragm pump used for the re-circulation of the solution helped in maintaining the
temperature at ambient conditions as the heat losses were minimized. Double distilled
water (pure water) from Milli-Q Direct-16 was used in preparing all the stock solutions
and in generation of ozone nanobubbles.

3.2 Characteristics and stability of ozone nanobubbles as

AOPs

3.2.1 Materials

Double distilled water (pure water) (Milli-Q Direct 16, Millipore, Merck) having the
electrical conductivity of 1.695 µScm−1 and pH of 7.1 at a temperature of 25 °C
has been used in all the experiments. Sodium chloride (NaCl, 99.5%), aluminium
chloride (AlCl3, 99.9%), sodium hydroxide (NaOH, 97%), hydrochloric acid (HCl, 37%),
DMPO (5,5-Dimethyl-1-Pyrroline-N-Oxide, 98%) and ethanol were purchased from Merck
chemicals.
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Figure 3.2: Working principal of (a) NTA (Nanoparticle tracking analysis) (b) DLS
(Dynamic light scattering)

3.2.2 Nanobubble generation and its characterization

The nanobubble solutions were prepared using the ceramic membrane technique at room
temperature. A 30 nm membrane was placed inside a stainless steel module for the
production of nanobubbles. During the nanobubble generation stage, only nanobubbles
were believed to have been formed using this approach. This was apparent by observing the
lack of milky nature of the solution as it is often attributed to the presence of microbubbles
[211]. Nevertheless, at increased flow rates, macrobubbles were shown to develop for
milliseconds before bursting at the liquid’s surface because of their powerful buoyant force.
Therefore, the ozone oxidation process was primarily caused by nanobubbles.
Pure water (from the acrylic tank passed through the circulating pump) and ozone
(produced from the ozone generator) were passed through the membrane module at
different flow rates (1-10 L/min) at varying pH and salt concentrations (Monovalent and
trivalent salts (0.01-100 mM)). The sample solutions were collected in 15 mL vials and
stored for the measurement of size, number, and charge density. The pure water was placed
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Figure 3.3: FE-SEM scan of 30 nm pore size ceramic membrane (a) overall morphology of
the membrane (b) outermost/support layer (c) membrane area near channel opening (d)
transition layer) (e) innermost layer (f) Image of the ceramic membrane with a zoomed
view of the membrane pore channel.

in a 2 L acrylic tank, and a diaphragm pump was used for the circulation of water and gas
through the membrane module as shown in Figure 3.1. The setup was run in a re-circulation
mode for a period of 30 minutes. The nanobubbles were generated continuously for 30
mins and since the nanobubbles are highly stable, thus the samples are stored in 15 ml
glass vials for further characterization. The bubble number density, mean bubble diameter
were characterized using Nanoparticle Tacking Analysis (NTA NS300, Malvern) technique,
based on the light scattering principle (details mentioned in Figure 3.2). The zeta potential
of the ozone nanobubbles was measured using Zetasizer Nano ZS (Malvern) whose principle
is mentioned in Figure 3.2. Online measurements for dissolved ozone concentration were
carried out simultaneously. Apart from this, the ceramic membrane used for the generation
of ozone nanobubbles was also characterised using FE-SEM. The cross-sectional image
of the tubular channelled ceramic membrane, as well as the structural morphology of
the membrane, were mapped using field emission scanning electron microscopy (FE-SEM,
JSM7610F Plus, JOEL). A thin, disc-shaped membrane with a thickness of 5 mm was cut
with a sharp knife and used to apply carbon coating. The results of FE-SEM have been
presented in Figure 3.3 at various magnification settings. Figure 3.3 (a) depicts the overall
morphology of the membrane showing the outermost layer, channel opening as well as the
gas flow direction. Figures 3.3 (b) and (d) show a comparison of the cross-sectional views
of the membrane’s outer support layer and transition layer, respectively. The membrane’s
nanopore layer is shown in Figure 3.3 (e). This layer is closely packed, and next to
the channel opening an extremely porous structure was seen. A magnified image of the
membrane’s cross-section is shown in Figure 3.3 (c), with the membrane’s outer surface on
the top and its first channel in the middle. As the pressurised gas sparges from the exterior
to the interior of the membrane surface, the fastly moving water within the membrane
channels generates shear stresses at the inner surface of the membrane, quickly breaking
off the sparged gas bubbles to produce nanobubbles. Figure 3.3 (f) presents an image of the
ceramic membrane with a zoomed view of the membrane pore channel. The parameters
have been mentioned in Table 3.1.
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Table 3.1: Parameters of 30 nm ceramic membrane used in nanobubble generation

Membrane size (nm) 30
Outer diameter (mm) 26.4

Channel diameter (mm) 2.0
Channels 61

Spec. membrane area (m2/m) 0.426
Spec. crossflow velocity (m3/h)/(m/s) 0.85

3.2.3 ESR spin trap measurements of reactive oxygen species generated
in ozone nanobubbles

Electron spin resonance (ESR) is the technique followed for the detection of reactive oxygen
species such as centrally located oxygen species (OH radical, superoxide radical). DPMO
has been preferred as the spin trapping agent since it has been used widely for detecting
the free radicals [29]. The measurements of ESR were conducted in the following sequence:
Firstly, ozone nanobubble sample was prepared. After the production of nanobubbles,
120 µL of NB sample, 5 mM H2O2 of 30 µL, 0.36 M DMPO of 30 µL were mixed in the
same order as mentioned simultaneously and swiftly poured in a flat quartz cell [212]. The
measurements were performed using ESR instrument (Bruker BioSpin A300-9.5/12/S/W).
The measurements were conducted in the X-band mode with a frequency of 9.4 GHz. The
following parameters were set for the measurements to be conducted: Temperature: 250K
(low temp); Power: 3.9 mW, C.field: 3300T. The calibrations were done using Ti2+. A
minimum of 130 µL of the sample was required to be poured in the flat quartz cell. The
flat quartz cell was irradiated with UV light (280-315 nm) using a handy UV lamp with 1
× 6 W power (VL-6, MC, Vilber Lourmat, France).
In case of dye degradation, the absorbance measurements were performed using a
spectrometer (DR3900, HACH). Standard solutions of methylene blue were prepared for
plotting the calibration curve. For measurements, the samples were collected every 10
seconds in 15 mL glass vials. The monitored wavelength for the absorbance measurement
was 668 nm for Methylene Blue [213]. The spectrophotometer was preprogramed with
the calibration curve for the dye. Each sample was analyzed in duplicate. In addition,
the degradation of MB was analyzed on a LC-MS (Liquid chromatography and mass
spectrometry) machine (XEVO G2-XS QTOF). The mobile phase was 50:50% acetonitrile
and water. ESI cation mode, C18 column with a voltage of 1.1 kV and temperature of
column oven was 30 °C. The set up was run in gradient mode with 5:95 (Acetonitrile:
Water) to 100% Acetonitrile 0% water [214] [215].
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3.3 Degradation of antibiotic tetracycline using ozone

nanobubbles

3.3.1 Materials

Tetracycline (98%) was purchased from Sigma Aldrich and was used without any
further purification. Sodium chloride (NaCl, 99.5%), sodium hydroxide (NaOH, 97%),
hydrochloric acid (HCl, 37%), 2-Propanol ( (CH3)2OH, 99.5%) and ethanol were purchased
from Merck chemicals. Pure water was gathered from the Milli-Q system (Milli-Q
Direct-16 water purification system) having a resistivity of 18.2 MΩ.cm and pH of 7.1
at a temperature of 25 °C and that has been used in all the experiments. Before the
experiment, distilled water and all stock solutions were checked using a NanoSight NS300
(Malvern Instruments, UK) for nanoscale contaminants, however, no appreciable quantities
of nanoscale entities were discovered. A stock solution and the experiment water were
assessed using NanoSight before the testing to rule out any prior nanoscale contamination.
When handling and maintaining the experimental setup, additional safety precautions have
been adopted. Disposable pipettes, vials, and syringes devoid of latex were used to avoid
contamination.

3.3.2 Experimental methods

The experimental setup is presented in Figure 3.4. The stock solutions for tetracycline
(TC) were prepared by adding the desired amount of tetracycline to Milli-Q water in the
beaker and stirring it magnetically for 45 minutes at 600 rpm. The ozone nanobubbles
were generated using the nanopore diffusion method and varying the ozone flow rates from
(2.5-10 L/min, 40-50 kPa). The set up was run for a period of 30 minutes in re-circulation
mode. Ozone gas was fed from the ozone generator, flow rate of which was controlled
through an ozone rotameter (1-10 L/min, Flowstar Engineering Pvt. Ltd). The dissolved
ozone was measured online using a dissolved ozone analyser. The excess ozone produced
during the ozonation experiments were fed to the ozone destructor which was placed above
the acrylic tank. The experimental protocol to study different parameters is as follows:
the prepared stock solution of TC was placed in the acrylic tank and the setup was run
in a re-circulation mode with ozone being fed to the nanobubble generator from the ozone
generator. The experiment was run for 60 minutes and the samples were collected every five
minutes. Various parameters such as ozone flow rates (2.5-10 L/min, 40-50 kPa), initial
tetracycline concentration (100-400 mg/L), varying pH (4-11), addition of salts (NaCl,
0.1-100 mM) and scavenging experiments were performed.

3.3.3 Degradation kinetics and calculating mass transfer coefficient

The removal rate was calculated as in Eq. 3.1:

%removal =
CA0 − CA

CA0
(3.1)
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Figure 3.4: Illustrative representation of the experimental set-up for the degradation
of tetracycline. The dissolved ozone has been measured online using the dissolved
ozone analyser. The degradation of TC is characterized by analysis through UV
Spectrophotometer and LC-MS analysis. Photography of collected samples document real
change of color of treated solution, while treatment.

For the kinetic studies of TC degradation, after analysis for the correlations of zeroth, first
and second order reactions [142], it was clear that the degradation of TC were observed to
bear a second order kinetics as Eq. 3.2:

−rA = kCA
2 (3.2)

Upon integrating Eq. 3.2 from t=0; CA = CA0 to t=t; CA = CA, we get the following
expression as in Eq. 3.3.

1

CA
=

1

CA0
+ kt (3.3)

where CA is the concentration of TC at any time t, CA0 is the initial concentration of TC
taken, t is the time and k is pseudo second order rate constant.
The volumetric mass transfer coefficient was determined by measuring the dissolved ozone
concentration through a dissolved ozone analyzer. The ozone concentration was measured
by passing the ozone gas through the membrane module as depicted in Figure 3.4 into the
liquid tank, where the ozone analyzer was placed for the measurements. The concentration
was recorded at every 1-minute interval. The mass balance equation for dissolved ozone
can be given as in Eq. :

−dC
dt

= kLa(C
∗ − Ct)− kdCt (3.4)

where C* (mg/L), Ct (mg/L), kd, kLa and C0 (mg/L) are the saturated concentration,
concentration at any given time t (min), ozone decomposition rate constant, volumetric
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mass transfer coefficient of ozone (min-1) and initial concentration (mg/L), respectively.
The time t is measured in minutes. At the initial condition of t = 0, the concentration Ct =
C0. Integrating Eq. 3.4 for kd = 0 yields the following expression as in Eq. 3.5 [216], which
is the case when pure water is being used. The reason for neglecting self-decomposition kd

= 0 of ozone is that the entirety of the experiment was conducted while ozone nanobubble
generation was taking place inside the reaction vessel. According to the recent literature
it is safe to assume that the self-decomposition of the ozone would be insignificant as
compared to the accumulation of ozone into the system during the ozone nanobubble
generation process [141] [217].

ln(
C∗ − Ct

C∗ − C0
) = (kLa t) (3.5)

In the present case, when TC is present in the solution, the model equation required to
calculate the mass transfer coefficient can be derived from Eq. 3.4. Solving Eq. 3.4 and
re-arranging the variables, the final equation is in the form Eq. 3.6. Finally, the value of
kd will be substituted in Eq. 3.6.

Ct

C∗ =
kLa

kLa+ kd
(1− e−(kLa+kd)t) (3.6)

Consequently, the rate constant of the ozone consumed by chemical reaction over time can
be measured by the following equation by determining the slope of the curve fit for the
data of O3 concentration versus time curve [141]:

Ct

C∗ = e−kdt (3.7)

Figure 3.5: Calibration plots for Tetracycline (i) 0-50 mg/L (ii) 0-450 mg/L
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3.3.4 Measurement of concentration of tetracycline and degradation
pathways

A spectrophotometer (DR3900, HACH) was used for the detection of the concentration of
TC remaining in the samples after the degradation. The absorbance curves were calculated
and attained a maximum value at a wavelength of 357 nm [218]. The calibration curve
was plotted at various concentrations of TC (0-50 mg/L, 0-400 mg/L) with R2=0.99 has
been presented in Figure 3.5. The radicals generated during the ozonation process were
qualitatively measured by radical scavenging experiments. 2-Propanol was used as a radical
scavenger for •OH radical as it inhibits the activity of the •OH radicals. The intermediates
formed during the process were analyzed by LC-MS. The degradation of TC was analyzed
on a LC-MS instrument (XEVO G2-XS QTOF, Waters). An electrospray ionization (ESI)
in a positive mode was used with analysis of full scan range from 0-1000 with a C18
column (Symmetry C18 Column, 4.6 mm × 250 mm, 3.5 µm). The set up was run with
mobile phase of 50:50% acetonitrile and water [219]. Nanobubbles were characterized using
Nanoparticle Tracking Analysis (NS300, Malvern).

3.4 Degradation of organic pollutants under high pollutant

loading

3.4.1 Materials

The Basic Blue 9 (Methylene Blue, (MB)) with the chemical formula (C16H18N3SCl) and
green rit dye (C27H34N2O4S, GRD) was purchased from Sigma Aldrich. Sodium Hydoxide
(NaOH, 99.5%), concentrated Hydrochloric acid (HCl, 37%), Sodium chloride (NaCl,
99.5%), Calcium Chloride Dihydrate (CaCl2.2H2O, 99.9%) and Aluminium Chloride
Anhydrous (AlCl3, 99%) were purchased from Merck Chemicals. Sodium dodecyl sulphate
(SDS, 99%), Cetyl Trimethylammonium Bromide (CTAB, 99% SRL) were purchased and
used without any further purification. Ultra-pure water having an electrical conductivity of
1.695 µ Scm-1 and pH of 7.1 at a temperature of 25 °C has been used in all the experiments.
Dye stock solutions were prepared by mixing the desired concentration of dye in pure
water, followed by agitation for a period of 30 minutes at 500 rpm. Stock solutions for the
surfactants were prepared by dissolving SDS and CTAB at various concentrations in pure
water using a magnetic stirrer at 25 °C until completely dissolved.

3.4.2 Experimental methods

The schematic for the experimental setup shown in Figure 3.6 consists of an oxygen
concentrator, ozone generator, rectangular acrylic tank of 1000 mL capacity, nanobubble
generator, and a dissolved ozone analyzer. The ozone generator was used for the production
of ozone from oxygen received from the concentrator with 98% purity at various flow rates
(1-10 L/min). The ozone generator used here works on the principle of corona discharge.
By adjusting the output percentage and the amount of oxygen, it can control the flow rate
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Figure 3.6: Schematic illustration of the experimental setup. The setup is run in
re-circulation mode. The degraded samples are collected every 10 seconds until complete
degradation. The NBs formed during the process are characterized by NTA analysis. The
intermediates formed during the process are examined by LC-MS analysis.

of ozone. The online measurements of dissolved ozone were measured using the dissolved
ozone analyser with a display range of the monitor at 0–200.0 mg/L with accuracy of
± 0.1 mg/L. Nanobubbles were generated using the nanobubble module purchased from
Nanokriti Technologies. A mixture of gases, comprising oxygen and ozone, was circulated
through it. The organic contaminants in the tank were recirculated using the circulating
pump. The system was set up to work in a re-circulation mode. The temperature of the
reaction medium was kept at room temperature. Samples were thereby collected in 15-mL
glass vials for further characterization of nanobubbles using NTA and DLS techniques.
Batch studies were conducted to investigate the effects of initial concentration, ozone
flow rates, pH, salt and surfactant additions, and ozone nanobubbles on contaminant
degradation. The pH of the medium was maintained using 0.1 M NaOH and HCl solutions.

3.4.3 Color measurement, degradation analysis and radical quenching

For color measurement, standards of organic solutions were prepared in distilled water.
The standards were prepared for plotting the calibration curves for the organics. For
measurements, the samples were put in 15 mL glass vials and stored at room temperature.
The quantity of remaining pollutant concentration in the samples was obtained at different
time intervals, and it was measured using a spectrophotometer (DR-3900, HACH). The
color was measured by reading the absorbance at 526 nm for green rit and 668 nm for
Methylene Blue. The spectrophotometer was pre-programmed with the calibration curves
of the organics, and a provided color was analyzed in every five samples in duplicate
to obtain precision. Radical quenching experiments were conducted to investigate the
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possible free radicals generated during the ozonation process. For the following purpose,
2-propanol (1mM) and Sodium Azide (NaN3) (1mM) were used as trapping agents for
hydroxyl radical (•OH) and singlet oxygen (O1

2) respectively. The trapping agents were
added to the organic solution, and the kinetics were studied to see the effect of the trapping
agents on the degradation efficiency of the organics.

Also, the analysis of the intermediates formed during ozonation was detected by using an
LC-MS (Liquid Chromatography-Mass Spectroscopy) instrument (XEVO G2-XS QTOF,
Waters). C18 column (Symmetry C18 Column, 4.6 mm × 250 mm, 3.5 µm) was used
for separation of dye particles. The mass spectrometer was outfitted with an electrospray
ionisation source and ran in positive polarity with a voltage of 1.1 kV, and temperature
of the column oven was 30◦C. The mobile phase was consisted of acetonitrile and water
[214][215]. The setup was run in gradient mode from 5% to 95% in 16 minutes. The mass
range was run from 50-1400 m/z.

3.5 Oxidation of As(III) to As(V)

3.5.1 Materials

Chemicals: Arsenic trioxide (As2O3, 99% assay, Merck, India), 3 M of NaOH and
hydrochloric acid (35% assay, Merck, India). Reagents: Arsenic standard solution (H3AsO4

in HNO3, Merck, India), Ammonium Molybdate Tetrahydrate((NH4)6Mo7O24.4H2O),
Antimony Potassium Tartrate Hemihydrate (C4H4O7ksb.1/2 H2O, 99.5% extrapure AR)
and L-Ascorbic acid (C4H8O6, 99.7% extrapure AR). Anion exchanger: Dowex resin 1
X 8 (Chloride form, Alfa Aesar, India). All experiments utilised pure water (pH = 7.1
and an electrical conductivity of 1.695 µScm−1) collected from a Milli-Q Direct-16 water
purification system at a temperature of 25 °C.

3.5.2 Nanobubble generation and oxidation

The details of the experimental setup including preparation of stock solutions, ozone
nanobubbles, dissolved ozone monitoring, nanobubble characterization and arsenic content
measurements are presented in Figure 3.7. In this study, ozone nanobubbles were produced
using the nanopore diffusion technique at room temperature. Arsenic(III) oxide stock
solutions were prepared by mixing the desired amount of As(III) oxide to one litre of
pure water and stirring the solution for a period of 45 minutes at 500 rpm. Henceforth,
the prepared sample stock solution was transferred to an acrylic tank where ozonation
takes place. Ozone from an ozone generator and stock solution was fed to the nanobubble
generator (NanoKriti Pvt. Ltd.) for oxidation process to take place for the degradation.
Ozone gas was produced by providing oxygen from an oxygen concentrator with a purity of
98% at desired flow rates (1-10 L/min) to the ozone generator where ozone was produced
by the corona discharge principle. The ozone flow rate was controlled with the aid of



42 Chapter 3. Experimental Methods

Figure 3.7: Illustrative representation of the experimental set-up for the oxidation of As(III)
to As(V). The dissolved ozone has been measured using the dissolved ozone analyser. The
NB sample was analysed using NTA and DLS. The As detection was performed using
spectrophotometer.

a rotameter. A dissolved ozone monitor. Ozonation experiments were carried out for a
period of 10-20 minutes. The experiments were performed in triplicate and repeated three
times. The standard deviation was calculated and presented as error bars. These error
bars depict the precision of the measurements. Smaller error bars indicate a more precise
measurement, while a larger error bar suggests greater uncertainty.
For various parameters to be studied, the experimental protocol was as follows: For
nanobubble generation at different flow rates: A 1 ppm (1000 mL volume) arsenic stock
solution was run at ozone flow rates for 30 minutes. Further the nanobubbles were
characterised using NTA and Zetasizer. For effect of ozone flow rates on As(III) oxidation:
The setup was run for a period of 10 minutes in which samples were gathered every 1
minute. The As(III) concentrations were kept constant at 1 ppm. For effect of initial
concentration of As(III), various concentrations of As(III)oxide (1, 2, 3, and 4 ppm) were
prepared. Samples were collected every 2 minutes in an experimental run of 20 minutes.
To understand the effect of addition of chloride ions, a set of experiments were run for a
period of 30 minutes and samples were collected every 3 minutes at 3 L/min ozone flow
rates at various concentrations (1-50 mM) of NaCl.

3.5.3 Analysis of As(V) and determining oxidation kinetic studies

As(V) concentration was determined using UV-spectroscopy. The method used for the
measurements is called the molybdenum blue technique [220][221]. The procedure involved
the preliminary synthesis of two reagents A and B. Reagent A was prepared by combining
two separate solutions: 100 ml of 0.35 g of antimony potassium tartrate hemihydrate
(C4H4O7KSb.0.5H2O) and 100 ml of 10 g of ammonium molybdate tetrahydrate
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Figure 3.8: As (V) standard calibration curve

((NH4)6Mo7O24.4H2O). Reagent B was prepared by dissolving 1g of L-ascorbic acid in
50 ml of milliQ water[222] [223]. Upon oxidation, the samples were collected for measuring
the Arsenic(V) concentration. In 10 mL of the oxidation sample, 2 mL of Reagent A and
1 mL of Reagent B were added. A blue color was imparted to the sample to measure the
amount of Arsenic(V) present in the sample. The wavelength of 874 nm was fixed based
on color intensity specification. The standard calibration procedure for the same has
been presented in Figure 3.8. The molybdenum blue method was utilised for calibration.
The molybdenum blue method is based on the production of arsenomolybdate from the
reaction of ammonium molybdate and arsenate has been suggested for the determination
of As(V) concentrations ranging from 0 to 1 ppm, and then add 2 ml of reagent A and
1 ml of reagent B were added to each standard solution[221] [224] [225] [226]. Based on
the requirements for colour intensity, these standard solutions were used to establish the
wavelength of 874 nm. After identifying the wavelength, a curve was created using standard
arsenate solutions ranging from 0 to 1 ppm. Using the molybdenum blue method and a
reference calibration graph, we further assessed an unknown concentration of As(V). The
concentration vs time data were evaluated for each set of experiments. After analysing
the correlations for zeroth, first and second order, it was clear that the degradation of
As(III) followed first order kinetics. The kinetics of the reactions were determined using
the following equations:

−dCA

dt
= kCA (3.8)

where CAO is the initial concentration (ppm) of As(III), CA is the concentration at any time
t (ppm) of As(III), k is the rate constant (min-1) and t is the time (minutes). Integrating
the Eq. 3.8 from t=0 to t=t, and taking an initial condition, for t=0, CA to CAO, we get
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Eq. 3.9:

−ln CA

CAO
= kt (3.9)

From the experimental concentration trends, the dataset fitted the first order kinetics with
R2 = 0.99.



Chapter 4

R&D 1: Characteristics, stability and
application of ozone nanobubbles

This chapter presents the work on understanding the characteristics of ozone nanobubbles
under various parameters such as varying ozone generation flow rates, pH, varying salt
concentrations. The effect of using ozone in the form of ozone nanobubbles to enhance the
volumetric mass transfer coefficient has also been studied. The effect of various parameters
mentioned above has been extensively studied and compared for nanobubble generation
and nanobubble dissolution. The long term stability of ozone nanobubbles has also been
investigated. A brief study on the rapid degradation of methylene blue dye using ozone
nanobubble as an application in wastewater treatment is also investigated.

4.1 Ozone nanobubble dynamics in salt solution

The nanopore gas diffusion method is utilized to generate the ozone nanobubbles in pure
water, where nanobubble forms by shear provided on the wall of the nanopore. The size
of the nanobubbles are formed strongly depends on the shear rate in the channel of the
membrane. It is intuitive that higher the shear rates the smaller the size of the nanobubbles.
From both fundamental and practical viewpoints, it is customary to understand the ozone
nanobubble dynamics and stability in the presence of salts due to the reactive nature of the
ozone gas. The gas flow rate for ozone nanobubble is varied from 1 to 10 L/min, and it is
characterized by the bubble number density, mean diameter, and bubble size distribution
as shown in Fig. 4.1. Evidently, the bubble size distribution was observed to be wider at a
low ozone flow rate, whilst it gradually turned to a narrow distribution by increasing the
ozone gas flow rate. This is attributed to the fact that nanobubble pinch-off time from the
nanopore is expected to be relatively higher than that of the high flow rate. Such delay
may result in the larger size of nanobubbles. Furthermore, the area under the bubble size
distribution curve also increases with the ozone gas flow rate. This, in turn, indicates
the higher nanobubble count with the increasing ozone gas flow rate. Fig. 4.1 (b) shows
the bubble number density of the nanobubbles and mean diameter. The bubble number
density (BND) monotonically increases with the ozone flow rate up to 6 L/min, and it levels
off to a constant value further after supersaturation of the gas, whereas the mean size of
the nanobubble decreases with the ozone flow rate and levels off to a constant value. The
higher area under the distribution curve denotes the higher bubble density is evident from
Fig. 4.1 (a). The zeta potential of the ozone nanobubbles also increases with the ozone
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flow rate (see Fig. 4.1(c)). The dissolved ozone concentration was measured with time, and
the maximum dissolved ozone concentration was observed to be decreased with the ozone
flow rate as shown in Fig. 4.1 (d). In a nutshell, the salient features of ozone nanobubble
generation are as follows: (i) the higher the ozone flow rate higher the bubble number
density, (ii) the mean diameter decreases with the flow rate, (iii) the higher negative zeta
potential with a higher flow rate. From the preceding discussion, it is clear that the ozone
nanobubble sample possesses a negative zeta potential and yields a higher bubble number
density. On the other hand, the mean diameter of the nanobubble decreases with the flow
rate. All else being equal, the size of the nanobubble were observed to have dependence
on zeta potential. The surface charge on the bubbles becomes significant in the micro and
nano-scale phenomena. The charge interface is expected to exert the electrostatic force
along the outward normal to the bubble. Let us consider a spherical charged nanobubble
of radius R0 and the surface charge Q. From electrodynamics, the force exerts by a similar
charge oriented in a spherical inner interface to be given by Eq. 4.1:

Pele =
Q2

8πϵσR2
=

σ2

2ϵϵ0
(4.1)

On the other hand, the surface tension force exerts towards the centre of the nanobubble
and it acts in opposite direction to that of electrostatic force. Evidently, the electrostatic
force (∼1/R0

4) will dominate over the surface tension (∼1/R0) when bubble size decreases.
When the bubble shrinks the charged interface gives rise to the formation of electric
double layer. The net coulombic force exerted by the counter ion to the interface acts
along the radial direction whilst the net coulombic interaction force at the interface
acts tangentially to the interface. All in all, the surface charge is expected to be
important in determining the stable size of the nanobubbles. Therefore, perturbation
in the ions in the nanobubbles sample may provide the more information about the bubble
dynamics. Therefore, generating ozone nanobubbles in salt solution may serve the purpose
of understanding the bubble dynamics at high salinity condition (see Fig. 4.2). All else
being equal, the bubble number density increases with the salt concentration whilst the
mean diameter decreases. This can also be witnessed through the 3D distribution curves
in Appendix A (see Fig. B.1 (a) and B.2 (a)). The negative zeta potential increase with
the NaCl concentration (see 4.2 (a)). Similar trends were observed for AlCl3 as shown in
Fig. 4.2 (b). This is in stark contrast with air/oxygen nanobubbles in the salt solution,
where the negative zeta potential decreases with the salt concentration [227]. The plausible
mechanism of such contrasting behavior is owing to the fact that ozone is a reactive gas
and decomposes by the following reactions in the presence of NaCl [228]:

O3 +OH− −→ O3− +OH− (4.2)

O3 + 2Cl− −→ O3− + Cl2 (4.3)

The decomposition of ozone with and without the presence of salt into O3
- may be
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Figure 4.1: Generation of ozone nanobubbles at various ozone flow rates (1-10 L/min). (a)
3D representation of the ozone nanobubbles at different flow rates of ozone (b) Comparative
representation of the bubble number density against mean bubble diameter (c) Zeta
potential trend at different flow rates from 1-10 L/min (d) Dissolved ozone concentration
measurement at every minute for 30 minutes of the experimental run.

responsible for the higher negative zeta potential of the nanobubbles. The extent of
the formation of O3

- may be enhanced by the higher volumetric flow rate of the ozone
gas in the absence of NaCl. The variation of the amount of dissolved ozone with the
salt concentrations can be referred to figures present in Appendix A (Fig. B.1 (b) and
B.2 (b)). From the results, it can be seen, that with the increase in salt content, the
concentration of dissolved ozone decreases. On the other hand, the presence of chloride
ions also facilitates the formation of O3

-, as shown in eq (2). In conclusion, the ozone
nanobubble dynamics are observed to be in contrast with the air/oxygen nanobubbles
both in the presence and absence of the salts. The mean diameter of the nanobubbles
was observed to decrease with the flow rate and salt concentration. On the other hand,
negative zeta potential increases with both the flow rate and salt concentration. However,
the bubble number density increases with the flow rate and salt concentration. These
trends may be examined by the force balance around the nanobubble interface. The
forces acting on the stable nanobubble are mainly electrostatic forces due to similar ions
adsorbed at the interface; surface tension force acts towards the center of the nanobubbles;
the intra-nanobubble electrostatic forces are expected to act to compress the nanobubble
further. The electrostatic force at the charged interface tends to expand the nanobubbles;
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Figure 4.2: Ozone nanobubble preparation in the presence of salts at various ionic
concentrations (a) The upper graph shows the trends for the bubble number density against
the mean bubble diameter. The lower graph shoes the trend for the negative charge. (b)
The upper graph shows the trends for the bubble number density against the mean bubble
diameter. The lower graph shoes the trend for the positive charge.

therefore, a higher value of the zeta potential may result in a higher equilibrium size
of the nanobubbles. However, the experimental results reported here exhibit just the
opposite of this speculation. On the other hand, the intra-nanobubble force directly
depends on the concentration of the neighboring nanobubbles. In the present case, it
seems that the intra-nanobubble force is more dominating than the electrostatic force
on the interface of individual nanobubbles. The intra-nanobubble force increases with
nanobubble concentration, and therefore the equilibrium size of the nanobubble should
decrease with nanobubble concentration. These are the exact trends observed in both
effect of ozone flow rate and the effect of salt, where the mean diameter of the nanobubble
decreases with the nanobubble concentration.

4.2 Ozone nanobubbles in acidic and alkaline medium

As noted earlier, the ozone nanobubble dynamics are completely opposite to the air/oxygen
nanobubble due to the reactive nature of the ozone gas. This hypothesis can be
further tested by creating nanobubbles in the acidic and alkaline medium. The effect of
pre-adjustment of pH has been investigated on the bubble number density, mean diameter,
and zeta potential of ozone nanobubbles. The adjustment of the pH was made prior to the
nanobubble generation. The pH was adjusted using NaOH (0.1 M) and HCl (0.1 M). The
setup was run for a time period of 30 minutes. The ozone concentration was measured
by online probe method. The corresponding results are shown in Fig. 4.3 regarding zeta
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potential, bubble number density, and dissolved ozone for varying pH values. The bubble
number density exhibits an overall increase in the trend, whereas the mean bubble diameter
decreases monotonically with pH. This is due to the fact that the zeta potential increases
with pH and therefore, the size should decrease by the following scaling analysis. By
comparing the surface tension and electrostatic force by the same order of the magnitude,
the following expression can be written as Eq. 4.4:

θ

(
2γ

R0

)
∼ θ

(
σ2

2ϵ0

)
(4.4)

The surface charge density is σ= Q/4 π R0
2 and thus, the scaling for the stable nanobubble

can be written as follows:

R0 ∼
(
Q

8πγ

)1/3

(4.5)

From Eq. 4.5 suggest the stable size of the nanobubbles varies R0 ∼ Q1/3 and thus, for
a single stable nanobubbles the zeta potential should increase the equilibrium nanobubble
size. On the other hand, the swarm of the nanobubble also exert an electrostatic repulsion
and the order of the magnitude can be much higher than that of a single nanobubble.
Clearly, the stable size of the nanobubble must decrease with increase in the surface charge
due to the inter-nanobubble repulsion force.
The bubble number density ranges from 1 × 107 to 7 × 108 (see Fig. B.3). The negative
value of the zeta potential of the nanobubble increased quasi-linear with the pH and reached
to substantially high magnitudes (around -50 mV at 12 pH) at high pH values. From a
colloidal stability viewpoint, the higher zeta potential gives rise to higher total interaction
energy. Given that nanobubbles may form at any pH level in water as long as there is
enough dissolved gas to produce the requisite nuclei [13]. However, many nanobubbles
cannot endure at low zeta potential values due to a shortage of •OH ions necessary to
create a charged nanobubble interface. Alkaline solutions provide a better medium for
the creation and stability of ozone nanobubbles than acidic solutions due to the high zeta
potential in alkaline solutions, which is evidence of robust electrostatic interaction providing
stability to the system. Since the nanobubbles are charged and therefore, the nanobubble
coalescence is expected to be negligible. This behavior is similar to that of air/oxygen
nanobubbles [13]. However, the composition of the nanobubble interface depends on how
ozone decomposition occurs in acidic and alkaline mediums. The ozone decomposition in
the presence of OH. may react by the following reaction mechanism [229]:

O3 +OH− −→ O2 +HO2− (4.6)

O3 +HO2− −→ O2
•− +HO• +O2 (4.7)

O3 +O2
•− −→ O3

•− +O2
• (4.8)

O3 +H2O −→ HO• +OH− +O2 (4.9)

Evidently, the reaction between O3
- and •OH yields two additional ozone molecules, and
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Figure 4.3: Ozone nanobubble generation at acidic and alkaline medium (a) Trends for
the bubble number density to that of the mean bubble diameter with respect to the
change in the medium (b) The dissolved ozone concentration monitored every one minute
for 30 minutes time interval (c) Zeta potential trends at various pH (d) Comparison of
the scattering intensities of 100 nm mono-dispersed polystyrene latex beads with ozone
nanobubbles produced at 7 L/min (201.1 nm) and in the presence of trivalent salt (139.7
nm).

a new •OH regenerates when the pH of the solution increases. The ozone decomposition
in the acidic and alkaline mediums has been discussed extensively elsewhere [230]. The
ozone decomposition rate in an alkaline medium is much higher than that of an acidic
medium. This fact can be verified by measuring the dissolved ozone by varying the pH
of the water (see Fig. 4.3 (b)). The dissolved ozone in an acidic medium is observed to
be much higher than that in an alkaline medium due to the fact that ozone decomposes
much faster in the alkaline medium. Now, it is reasonably clear that the ozone reacts with
water to produce •OH, which may be the plausible reason for a quasi-linear relationship
between the negative zeta potential and pH. (see Fig. 4.3 (c)). Since the sliding plane
is expected to have a negative charge at pH = 7, lowering the pH value with H+ ions
(from HCl) neutralizes the negative charge. This brings the absolute value of the negative
zeta potential closer to zero, weakening the electrostatic potential between two spherical
nanobubbles. The following expression of electrostatic potential is expected to also be
valid for nanobubbles [231]:

WR(D) =
64kBTRρ∞

κ2
tanh2(

zeψ0

4kBT
)exp(−κD) (4.10)
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Where WR(D), R, kB, T, s, ψO, e, ρ∞ and D are respectively, electrostatic potential,
bubble radius, Boltzmann constant, temperature, valency, surface potential, unit charge,
bulk ion number density, and inter-spacing distance. In alkaline solutions, however, the
negative zeta potential rises, reaching a value of roughly -32 mV at pH = 10. This clearly
indicates the higher electrostatic interaction potential in the alkaline medium from Eq.
4.8. In a nutshell, we observed when the water pH was altered prior to the production of
the nanobubbles, namely, that alkaline media are more favorable to nanobubble stability
than acidic media. This trend is consistent with air/oxygen nanobubbles despite the fact
that O3

- is reactive in water. The products of the ozone with water reaction are ROS
and •OH. It may be speculated that excess formation of •OH adsorbed at the nanobubble
interface leads to the enhanced negative zeta potential of the nanobubble sample. In
other words, the colloidal stability of the nanobubbles in an alkaline medium is higher
than the acidic [13] [92], and therefore, the bubble number density of the nanobubbles is
increased significantly in the alkaline medium (see Fig. 4.3 (a)). Finally, we reached the
conclusion that ozone nanobubbles in alkaline and acidic medium behave similarly to that
of air/oxygen nanobubbles. Despite the reactive nature of the ozone, the alkaline medium
favors the generation of ozone nanobubbles. However, the dissolved ozone in water was
observed to be much smaller in the alkaline medium due to the higher ozone reactivity.
On the other hand, in the case of air/oxygen nanobubbles, the dissolved oxygen was not
affected by altering the pH of the water.

In addition to the ozone nanobubble dynamics in the presence under salinity conditions
and the influence of the pH of the water, we have investigated the refractive index
of the ozone nanobubbles. This is particularly important to support the scientific
proof of the existence of the nanobubble. The NanoSight NS300 measures the light
scattering from the nanobubbles in addition to particle tracking. The time and number
averaged value of the highest scattering power PS(AU) is selected to calculate the
refractive index. The instrument calibration is carried out using the reference polystyrene
nanoparticles. However, it should be emphasized that in consistent illumination influences
NTA instruments frequently and the light scattering also depends on the distance to
the optical focus [232]. Measurements are performed using the scattering intensity of
polystyrene nanoparticles of four distinct sizes (50, 100, 150, and 200 nm) and a refractive
index of 1.630. The measured scattering intensity has been utilized to calculate the
scattering cross-section σS (nm2) by comparing it with the Mie theory. The particle size,
the refractive index of the chosen medium and material, and the wavelength of the light
source are also necessary for the theoretical scattering cross-section, which is performed
by the open-source MieConScat software. The Mie scattering is an analytical solution to
the Maxwell equations for scattering from a spherical dielectric object. The scattering
cross-section σMie estimated using Mie theory matches the measured PS value. The linear
regression yields the instrument constant, σMie/PS = 0.0673. Additionally, it should be
highlighted that the selected method of utilizing the maximum intensities of the time
average and number averages of the particles and the maximum scattering intensity/power
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of a single particle was found to have a negligible difference in the calculation of the
refractive index for nanobubbles. The refractive index of the ozone nanobubbles in pure
water and in the presence of AlCl3 were estimated to be 1.004 and 1.016, respectively, which
is close to the refractive index of gas-filled bubbles. The representative light scattering
intensity of the polystyrene nanosphere and ozone nanobubbles are shown in Fig. 4.3
(d). The scattering intensity of the nanobubbles is measured to be smaller than that of
the particles. One can explain this by using approximated relations when the particle is
smaller than the wavelength of light. The scattering cross-section varies Qscat ∝ 1/λ4 and
refractive index n ∝ 1/λ. This implies that the scattering cross section should vary as
Qscat ∝ n4 (see Bohren and Huffman [233]). Perhaps this could be the plausible reason
for predicting a smaller scattering cross-section. It is also noted that scattering intensity
and cross-section follow a proportional relationship. To summarize this part, it can be
concluded that the ozone nanobubbles generated in the water and salt solution are indeed
nanobubbles as the refractive index of the nano-entities is close to 1.00.

4.3 Mass transfer coefficient by ozone nanobubbles

From the practical standpoint, the volumetric mass transfer coefficient of ozone
nanobubbles is required for detailed process design calculations. There are several methods
employed for volumetric mass transfer coefficient in the literature, namely, gas absorption,
sodium sulfite oxidation method, and physical methods. Since ozone is a reactive gas and
it leads to the formation of intermediate chemicals. Therefore, the chemical methods
are not suitable for the volumetric mass transfer coefficient measurement. On the
contrary, the dynamic desorption and absorption method is a physical method, and it
requires only the concentration of the gas in the liquid over time. This work determines
the volumetric mass transfer coefficient by measuring the dissolved ozone concentration
through a dissolved ozone analyzer. The ozone concentration was measured by passing
the ozone gas through the membrane into the liquid tank, where the ozone analyzer was
placed for the measurements. The concentration was recorded at every 1-minute interval.
The mass balance equation for dissolved ozone can be given as Eq. 4.11:

dC

dt
= kLa(C

∗ − Ct)− kdCt (4.11)

where C∗ (mg/L), Ct (mg/L), kd, C0 (mg/L), kLa are the saturated concentration,
concentration at any given time t (min), ozone decomposition rate constant, initial
concentration and volumetric mass transfer coefficient respectively. The time t is measured
in minutes. At initial condition of t = 0, the concentration Ct = CO. The reason for
neglecting self-decomposition of ozone is that the entirety of the experiment was conducted
while ozone nanobubble generation was taking place inside the reaction vessel. According
to the recent literature it is safe to assume that the self decomposition of the ozone would
be insignificant as compared to the accumulation of ozone into the system during the ozone
nanobubble generation process [141] [216]. Also, Fan et al. [216] and [217] measured the
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Figure 4.4: Comparative study of the mass transfer coefficients of ozone nanobubbles
during nanobubble generation and nanobubble dissolution (a) Comparison of mass transfer
coefficient at different ozone flow rates (1-10 L/min) (b) The trends of mass transfer
coefficient being the highest at acidic pH and decreasing as the pH of the medium changes
to alkaline (c) At varying concentrations of monovalent salt (0.1-100 mM) (d) At varying
concentrations of trivalent salt (0.1-100 mM)

mass transfer coefficient where the ozone decomposition rate was neglected as it was very
slow. Therefore, integrating Eq. 4.11 for kd = 0 yields the following expression as Eq.
4.12:

ln

(
C∗ − Ct

C∗ − C0

)
= (kLa)t (4.12)

The ozone concentration is measured over a period of time and eq. (10) is used to estimate
the volumetric mass transfer coefficient. The volumetric mass transfer coefficient decreases
with the ozone flow rate, pH, and presence of the salt. In other words, the ozone transfer
hinders by the high ozone flow rate and the presence of salts. At neutral pH, the maximum
and minimum values of kLa are 0.8 and 0.4 min-1 at 1 and 3 L/min (see Fig. 4.4). On the
other hand, the kLa in the acidic medium approaches 1.0 min-1. Similarly, the kLa in the
presence of salt varies from 0.5 to 1.0 min-1. It should be noted that these kLa calculated
values are during nanobubble generation. This may also contain the contribution of the
bigger size of the bubbles. We have carried out a series of dilution experiments similar to
the experiments employed in a previous study in order to quantify the volumetric transfer
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coefficient that is solely attributed to the ozone nanobubbles [234]. The ozone nanobubbles
suspensions were first prepared by our experimental setup and then nanobubbles were
characterized by NTA. A 200 mL of degassed water (with no dissolved ozone level) is
taken into a beaker, and 50 mL of the ozone nanobubble suspension is mixed in it. After
the dilution, we used the following equation Eq. 4.13 to determine the ozone concentration
in the diluted sample based on the ozone increment level:

Ozone content(mg/L) =
K(200 + 50)

50
= K × 5 (4.13)

Moreover, we have recorded the rate of increment of dissolved ozone in the diluted solution
with time. These dissolved ozone versus time data have been used for the calculation
of ozone mass transfer coefficient. Since it is a polarographic sensor, the water must be
flowing to provide the currents needed for the online readings. A tiny amount of the ozone
sample solution was extracted, and it was agitated in a beaker using magnetic beads to
produce strong currents. The polarographic sensor was positioned close to the beaker
wall, where the measurements were taken, and the stirring created the flowing conditions.
The experiments were repeated three times to verify repeatability and determine whether
the measurements were accurate. To investigate the effect of changing the dilution ratio,
further experiments were performed at 1:4 and 1:6 dilution ratios for the reproducibility
of the results. The plots obtained have been shown in Fig. B.5 in Appendix A.
Similar to the nanobubble generation case, the volumetric mass transfer coefficient
decreases with pH, the presence of salt, and the ozone flow rate. The ozone transfer hinders
by the low ozone flow rate and the presence of salts during both nanobubble generation and
dissolution. At pH = 7, the maximum and minimum values of kLa are 3.2 and 0.42 min-1

at 1 and 3 L/min. On the other hand, the kLa in the acidic medium approaches 3.1 min-1.
Similarly, the kLa in the presence of salt varies from 1.5 to 3.5 min-1. From the preceding
discussion, it is fairly clear that the mass transfer coefficient by nanobubble dissolution
is significantly higher than that of nanobubble generation. The size of the nanobubble
during generation can be speculated to be higher than the stable nanobubbles. Therefore,
the volumetric mass transfer coefficient is higher during nanobubble dissolution than the
nanobubble generation. Smaller bubble provides a large interfacial area for mass transfer,
and higher Laplace pressure accelerates the gas diffusion from the nanobubble to the bulk
water. The mass transfer enhancement was also attempted by using various membrane
contactors in the recent past. For instance, Sabelfeld and Geißen [235] have investigated
the ozone mass transfer using linear and helical hollow fiber membrane contactors. The
ozone mass transfer rate was reported to bear a positive correlation with increasing gas
pressure, ozone gas concentration, and gas and liquid velocities. The helical structure
may undergo the secondary flow; therefore, the mass transfer rate was reported to be a
6-fold increase with respect to the linear hollow fiber membrane. Similarly, Wang et al.
[236] utilized the polytetrafluoroethylene (PTFE) hollow fiber membrane contactor along
with an ultrasound field. Both the membrane contactor and ultrasound enhanced the
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mass transfer coefficient. Evidently, it may be attributed to the higher interfacial area.
The maximum value of the kLa was reported to be 0.73 min-1 using a PTFE hollow fiber
membrane contactor in the presence of the ultrasound, and 0.5154 min-1 at an ozone
flow rate of 5 L/min. It is to be noted that these membrane contactor only generates
microbubbles. For instance, Wang et al. [236] reported the mean size of the microbubbles
to be 52.78 µm. The nanobubble volumetric mass transfer coefficient at an ozone flow rate
of 5 L/min was found to be 0.8 min-1, which is ∼ 30% enhancement in the kLa. However, it
is to be noted that such comparisons are not highly recommended because the volumetric
mass transfer coefficient also depends on the volume of the liquid used for ozonation. In a
nutshell, the mass transfer coefficient by nanobubble dissolution is estimated to be 3-fold
higher than that of the nanobubble generation. The present analysis also suggests that the
nanobubble mass transfer coefficient is significantly higher than the microbubbles.

4.4 Stability of ozone nanobubbles, ROS generation and dye

degradation

Nanobubbles possess exceptional longevity, which is the most unique feature that they can
survive for days or even weeks [237] [238]. However, ozone is a reactive gas in water, and it
decomposes in the water very fast. The half-life of the ozone in water is often estimated to
be the order of 20-30 minutes [239]. Under these conditions, it is interesting to examine the
ozone nanobubble behavior over a period of time. We have studied the long-term stability
of ozone nanobubbles by measuring the bubble number density, mean bubble diameter,
zeta potential, and dissolved ozone concentration over three weeks. The NB suspensions
were taken at different ozone flow rates ranging from 1-10 L/min. The experimental setup
was run for 30 minutes, and the sample solutions were collected in impenetrable glass vials
and preserved. The samples were withdrawn and analyzed at particular time intervals.
No significant drop in nanobubble density was observed. Similarly, the mean diameter
has no noticeable changes (see Fig. 4.5). However, the dissolved ozone concentration
drops significantly over a period of time (see Fig. 4.5 (b)). This is attributed to ozone
decomposition in water as the half-life of the ozone in water is 20-30 minutes. It is also
to be noted that only dissolved ozone is expected to decompose. However, the ozone
inside the nanobubble may not decompose due to being isolated from the bulk water.
If this hypothesis is true, then ozone can be preserved in the liquid phase in the form
of nanobubbles. Evidently, the dissolved ozone concentration gradually decreases and
completely disappears in a day or so when we sparge the ozone. On the other hand,
the dissolved ozone concentration was reported to be 1-2 ppm even after 21 days. This
clearly indicates that ozone nanobubbles preserve the ozone in the water. Hence the
lifespan of ozone increases when it is delivered in the form of nanobubbles as compared
to the conventional ozone bubbles [1]. The fact that their mean bubble diameters remain
constant over time shows that bubble coalescence, bubble rupture, or Ostwald ripening have
no major influence. As a result, we believe that the continuous surface charge possessed
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Figure 4.5: Stability of ozone nanobubbles over a time span of 20 days followed by the
application of ozone nanobubbles in dye degradation (a) The bubble number density of
ozone nanobubbles (b) The dissolved ozone concentration compared to simply sparging
the gas in the water (c) Pictorial and experimental degradation of methylene blue dye at
different concentration (10-200 mg/L) using ozone nanobubbles.

by the nanobubbles is responsible for their stability [13].
Fig. 4.6 illustrates the mechanism of understanding the behavior of ozone nanobubbles
during long term stability over 20 days and variation in the dissolved ozone upon dilution
of nanobubble solution in degassed water. The ozone nanobubbles are used to degrade the
standard methylene blue dye. Fig. 4.5 (c) shows the degradation kinetics for varying initial
concentrations. The concentration of the dye is determined by UV-spectrophotometry, and
clearly, the complete degradation of the dye was observed for all the initial concentrations.
The complete degradation of dye was verified using the LC-MS analysis. The samples
were analysed over a time period of four minutes having measurements done at 0, 1, 2,
3 and 4 minutes. Fig. 4.7 shows a full mass spectrum scan obtained from a 100 mg/L 1
solution of methylene blue The peak at m/z = 284 corresponds to the M+ molecular ion
of methylene blue The peak at m/z = 285 is a result of C13 isotopes in the methylene blue
molecule [240]. Because the strong oxidizing free radicals act on different MB atoms,
the degradation pathway can be divided to route I and route II [241]. The peak at
m/z 279 corresponds to loss of methyl groups from MB. The peaks at m/z 319 and 279
are due to consecutive additions of hydroxyl ions in the MB molecule The breaking of
the MB molecule was suggested by the presence of peaks at m/z = 167, 122 and 143.
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Figure 4.6: Mechanism of understanding the behavior of the ozone nanobubbles during
long term stability (20 days) and upon diluting the nanobubble solution into degassed
water at a particular dilution ratio (1:5, 1:4, 1:6).

From the mass analysis the degradation pathway is shown in Fig 4.7 [242]. The cation
inside the MB molecule underwent partial isomerization, resulting in the formation of
product P3. In P3 the methyl group was bonded to N, making it susceptible to attack
by •OH. In an alternative scenario, the cation underwent demethylation resulting in
the production of product P5, as a consequence of being subjected to a strong shock
wave during the processes of thermal cracking and bubble rupture[243]. Moreover, an
additional mechanism of degradation included the hydroxylation of MB molecules by
hydroxyl radicals (•OH), leading to the production of polyhydroxy compounds. The
aforementioned compounds underwent further nitration and demethylation processes by
•OH oxidation and cavitation phenomena, resulting in the formation of products P2 and
P4. Furthermore, the carbon-sulfur bond experienced cleavage, leading to the disruption
of the ring structure and the subsequent generation of products P6, P7, and P8. Finally
they are mineralized into some inorganic substances such as CO2, H2O, NO3

- and SO4
2-

[244] [245] [215]. All the products formed are mentioned in Table 4.1. The total time
required to degrade the 30 mg/L dye was 110 seconds by ozone nanobubbles whilst the
same sample required 20-25 minutes by simple ozonation by spargers. As noted earlier,
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Table 4.1: Degradation products of methylene blue

Product m/z Chemical formula
P1 319 C16H21N3O2S
P2 304 C16H20N2O2S
P3 285 C16H19N3S
P4 279 C13H15N2O3S
P5 256 C14H14N3S
P6 167 C8H11NO2
P7 143 C5H6NO2S
P8 122 C7H10N2

Figure 4.7: LC-MS analysis (a) m/z MS spectra at every 1 minute (b) Possible degradation
pathway of methylene blue.

the ozone reacts with water and forms reactive oxygen species (ROS). The reactive oxygen
species are responsible for the dye degradation. The ozonation process is the gas absorption
with a chemical reaction where the overall degradation rate depends on both mass transfer
and the reaction kinetics[73]. The rate-determining steps are often the slowest step, and
therefore, the mass transfer becomes a rate-limiting step[74]. The dye degradation is
facilitated by ozone nanobubbles due to the extraordinary properties of the nanobubbles:
(i) the high volumetric mass transfer coefficient fosters the overall dye degradation rate
(ii) high inner Laplace pressure enhances the formation of the ROS and hydroxyl radical
(iii) The nanobubble provides an active surface area for the chemical reaction which also
contributes to overall dye degradation rate. The ozone decomposition reactions speculated
the formation of reactive oxygen species (ROS) like O2

•-. We have investigated the radical
formation by electron spin resonance spectroscopy measurements. Two types of solutions
were used, namely pure water and ozone nanobubbles. Fig. 4.8 shows the corresponding
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Figure 4.8: ESR spectrum of the radical adduct of DMPO. The ESR measurements were
done for ozone nanobubbles in comparison to pure water taken as a control sample. The
left side of the figure shows the cumulative peaks at the given magnetic field. The right
side of the figure depicts the magnified versions of the peaks arranged in stacks to compare
the intensity of the curves at various conditions.

Figure 4.9: Radical quenching experiments (a) Dye degradation trends in the presence and
absence of scavengers (b) Rate constant depicting the domination presence of the reactive
oxygen species.

ESR spectra. It can be seen that no peaks are being formed in the case of water. This
implies that there is no formation of reactive oxygen species. On the other hand, the peaks
are formed in the case of ozone nanobubbles. Also, when measurements were performed
without UV light, the spectra formed were of very low intensity. But when irradiated
with a UV light source, the intensity increased to a greater extent. The ESR spectra
reported here resemble the spectra of the O2

•-. In summary, ozone nanobubbles offer
enhanced volumetric mass transfer coefficient together with high inner Laplace pressure,
which fosters the formation of ROS. In addition, the nanobubble interface provides an
active surface area for dye degradation. All these factors contribute to and accelerate the
overall rate of dye degradation.

In this study, radical quenching experiments were performed in order to identify the
reactive oxygen species that were formed during the process of ozonation. 1 mM of
2-Propanol and 1 mM of Benzoquinone (BQ) were used as scavengers for trapping the
reactive oxygen species such as hydroxyl radical (•OH) and superoxide (O2

•-) respectively.
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All experiments were conducted at pH 7. As depicted in Fig 4.9 (a), the concentration
profile for the degradation of methylene blue dye (20 mg/L) fitted very well with the pseudo
first order kinetics correlation. Fig 4.9 (b) shows the values of the rate constant for the
pseudo first order reaction. From the graph, it was observed that the value of the rate
constant decreased to 0.00511 sec-1 on the addition of 2-Propanol thereby indicating the
presence of (•OH) radicals and their dominant role in the degradation of dye. With the
addition of BQ, the k value dropped to 0.00676 sec-1 suggesting that O2

•- also contributed
majorly in the degradation of dye. Whereas, when no scavenger was added, the k value
came out to be 0.01812 sec-1 which confirms the formation of the reactive species during
the process. The results were in well agreement with the previous reports in which these
ROS coexisted in the nanobubble solution[94].



Chapter 5

R&D 2: Tetracycline degradation for
wastewater treatment based on ozone
nanobubbles advanced oxidation
processes (AOPs)

This chapter deals with the degradation of antibiotic tetracycline, ozone nanobubble
generation, degradation kinetics, pathways and different water compositions. The various
parameters such as ozone flow rates, tetracycline concentrations, effect of pH and salts have
been investigated. Comparison efficiency of ozone nanobubbles to conventional bubbles and
ozone microbubbles has been studied. Cost estimation of the process of this study has
been compared to some conventional process involved in degradation of tetracycline. The
presence of reactive oxygen species has been studied on the basis chemical method for the
detection of ROS by radical scavenging experiments.

5.1 Effect of TC dosage on degradation kinetics

The generation of ozone nanobubbles was performed using nanopore diffusion methods.
Ozone nanobubbles were characterized by nanoparticle tracking analysis (NTA), as shown
in Fig. 5.1. The bubble number density shows a positive correlation with the ozone flow
rate. Furthermore, to ascertain the contamination, the nanobubble refractive index (RI)
was estimated, and the refractive index was close to unity, confirming that the measurement
relates to nanobubbles [3]. The stability of ozone nanobubbles was studied over a period
of 30 days (results presented in Appendix B Fig. C.7). Nanobubbles seem to disappear
at a slower rate at high concentration of ozone nanobubbles as in the case of 10 L/min.
Even after 30 days, a considerable amount of nanobubbles are still present in the solution.
Meanwhile, the mean bubble diameter experiences a relatively small but significant increase
from 230 to 260 nm in case of 2.5 L/min of ozone flow rates.
To study the effect of the initial concentration of TC and ozone intake, the experiments were
performed at different reaction conditions. The initial concentrations of TC were varied
from 100-400 mg/L. The flow rates of ozone were taken from the start of 2.5 standard litre
per minute (L/min), 5 L/min to the highest of 10 L/min values. The setup was run in a
re-circulation mode and ozone was fed to the reactor to produce ozone nanobubbles. The
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nanobubbles advanced oxidation processes (AOPs)

Figure 5.1: Effect of ozone flow rate on nanobubble generation (i) bubble size distribution
(ii) scattering intensity of nanobubbles tracked at different flow rates.

amount of ozone being fed to the reactor plays a major role in the degradation process
as it is an important aspect on which the degradation is dependent. The nanobubble
characterization at different ozone flow rates was done using NTA (Nanoparticle Tracking
Analysis, Malvern). The results of the characterization are depicted in Fig. 5.2. Based
on the obtained results, it can be clearly depicted that at 10 L/min, the highest amount
of nanobubbles are being formed with the highest intensity. The results for varying initial
concentration of TC and ozone intake are depicted in Fig. 5.2 where the trends for the
decrease in the concentration of TC are shown. From Fig. 5.2 (i), (ii), and (iii), it can be
evaluated that the lower the concentration of the antibiotic, the lesser is the time needed
for the quantitative degradation. The initial concentration of 100 mg/L achieves 100%
degradation within 15 minutes in the case of 10 L/min ozone flow rate. Subsequently
at 5 and 2.5 L/min, the time taken is 30 and 35 minutes respectively. Following this,
as the concentration of TC is increased from 100 to 400, the time needed to obtain
100% degradation also increases. This phenomenon is observed in respect to all studied
conditions (ozone flow rate values). The rate constant was calculated for each set of
experiments and their values were compared. Fig. 5.2 (iv), (v) and (vi) show that the
reaction kinetics follows the second order reaction with coefficient of determination, R2 =
0.98. It can be clearly noticed, that at 10 L/min the reaction rates were the highest with
a value of 0.01285 L mg-1min-1 at 100 mg/L of TC.
Overall, based on this part of experiments, it can be concluded that the best degradation
results were achieved at 10 L/min as the highest rate constants were achieved here.
The probable reason for this would be the amount of dissolved ozone present at that
particular flow rate. Since ozone is acting as the prime free radical source responsible
for the degradation of tetracycline, the amount of ozone being generated during these
experiments plays a vital role. The online measurements were done for the dissolved
ozone during the degradation process at each initial concentration of TC as well as when
no antibiotic was present. Also, the molar ratio (Ozone/TC), degradation efficiency of
TC and molar excess of ozone were compared to find out the plausible reason for the
degradation. The results obtained are depicted in Fig. 5.3. The results depicted in Fig.
5.3 were presented for a particular flow rate at 10 L/min. Fig. 5.3 (i) presented the amount
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Figure 5.2: Effect of Initial concentration (100-400 mg/L) and different ozone flow rates (i)
10 L/min (ii) 5 L/min (iii) 2.5 L/min and kinetics with rate constant k at (iv) 10 L/min
(v) 5 L/min (vi) 2.5 L/min ozone flow rates.

of dissolved ozone present when no antibiotic was there compared to dissolved ozone at
various concentrations of TC when degradation processes were taking place. The amount of
excess ozone (mmol/L) at every point of time during the degradation process is illustrated.
From Fig. 5.3, it can be concluded that the amount of excess ozone was being produced
at each point of time. At 100 mg/L of TC concentration, since lower concentrations
of contaminants were present here, a lower amount of dissolved ozone was utilised to
degrade the contaminant. This can further be explained through online dissolved ozone
measurements. The dissolved ozone concentration when no TC was present to various
TC concentrations (100-400 mg/L) are presented in Fig. 5.3 (ii). From the graph, it
was evident that with increase in TC concentrations, the dissolved ozone decreased as
compared to the case of without TC. The difference between these concentrations would
provide the amount of excess ozone present at each point as shown in Fig. 5.3 (i). Upon
addition of TC from 100-400 mg/L, the consumption of ozone to degrade the contaminant
has been depicted here where we found out that higher amount of ozone is required at
higher concentrations of TC. So, out of 12 ppm of ozone concentration, 7 ppm has been
consumed for the degradation of TC while the rest 5 ppm is still present as in Fig. 5.3
(ii). Therefore, at a low concentration of TC, the amount of excess ozone was measured to
be more as compared to those at higher concentrations e.g. 400 mg/L. Also, the dissolved
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Figure 5.3: (i) Dissolved ozone measurements in pure water and during tetracycline
degradation (100-400 mg/L) (ii) highest dissolved ozone attained at different ozone flow
rates at different TC concentrations (iii) Mass transfer coefficient corresponding to the
ozone concentrations at different ozone flow rates and different concentrations of TC
(100-400 mg/L) (iv) Comparison of molar excess of O3 (%) to degradation efficiency (%)
of TC (100-400 mg/L).

ozone measurements at each point of time during the degradation has been presented
in Appendix B (Fig. C.3) with comparison to when no TC was present at every ozone
flow rate and TC concentration. The mass transfer coefficient for each concentration of
TC at different flow rates is shown in Fig. 5.3 (iii). The mass transfer coefficients were
measured and it can be inferred that higher amount of dissolved ozone concentrations
lead to increased MTC rates. At 10 L/min, 8 ppm concentration of ozone is achieved
with a mass transfer coefficient of 0.32309 min-1. On the other hand, lower dissolved
ozone concentrations at 2.5 and 5 L/min resulted in lower MTC values. Therefore, it can
be concluded that higher the ozone flow rates, more is the dissolved ozone concentration
leading to greater mass transfer rates and better degradation kinetics at the corresponding
flow rates of ozone. This can be explained by the fact that higher concentrations of
nanobubbles were being formed at higher flow rates. Also, increased flow rate leads to
higher turbulence which creates better mixing conditions. This further helps in increasing
the ozone mass transfer coefficients. The molar ratio (Ozone/TC) at each point of time
was calculated and is depicted in Fig. 5.3 (iv). Increasing trends of molar ratio prove that
excess ozone is present at each time during the degradation process. When the degradation
efficiency of TC was compared to excess molar ozone as shown in Fig. 5.3 (iv), it could
be seen that each point of degradation % corresponds to molar excess ozone %. Based on
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these observations, it can be concluded that molar excess of ozone serves as the limiting
factor responsible for the degradation of the antibiotic. Similar trends were achieved for
2.5 and 5 L/min ozone flow rates (presented Appendix B Fig. C.2).

5.2 Degradation characteristics of TC in alkaline and acidic

medium

The initial pH of the solution plays a vital role in the degradation mechanism of TC as it
affects the formation of reactive radicals during the degradation and the chemical activity
of the ozone bubbles being formed during the process[142] [94]. Fig 5.4 represents the
experiments performed under various pH values. The effect of pH was carried out at a
constant concentration of TC (200 mg/L) and constant ozone flow rates of 10 L/min. The
pH values were varied from 4-11. Ozone molecules under acidic conditions may undergo
the following reactions [12]:

O3 −→ O +O2 (5.1)

The dissociation process produces the O atom, which is thought to be the precursor for
•OH in acidic ozone solutions [246].

O +H2O −→ 2OH• (5.2)

On the other hand, ozone in the presence of OH- (basic conditions) may be activated by
the following mechanism [229]:

O3 +OH− → O2 +HO2
− (5.3)

O3 +HO2
− → O2

•- + •OH +O2 (5.4)

O3 +O2
•- → O3

•− +O2
• (5.5)

O3 +H2O → •OH +OH− +O2 (5.6)

From Fig. 5.4 (i), TC degradation reached a value of 96.05% at pH = 4 while the
degradation efficiency decreased as pH was raised to 11 with 94.39%. Acidic medium
favors the degradation of TC which is consistent with literature [247] [248]. The plausible
reason for the efficient degradation could be the high mass transfer coefficient of ozone
at low pH. Furthermore, the reaction followed pseudo-second-order kinetics as depicted in
Fig. 5.4 (ii) with rate constant k values being highest at pH 4 (0.00266 L mg-1min-1) and
lowest at pH 11 (0.00179 L mg-1min-1). The concentration of dissolved ozone increases as
the pH drops. Similar trends were reported [249]. When the pH dropped from 6.8 to 2.7 at
35°C, the solubility of ozone in water increased from 6.8 ppm to 39.6 ppm. Also, Henry’s
law constant of ozone tends to decrease at lower pH thereby leading to a higher solubility
of ozone at acidic pH [250] [251]. While at basic pH, the presence of •OH catalyses the
decomposition of ozone leading to decreased dissolved ozone concentrations [252].
The pH of the solution plays a significant role as it affects the ionization of tetracycline
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Figure 5.4: Effect of acidic and alkaline mediums on degradation of TC (i) Degradation
of 200 mg/L TC under different pH conditions (ii) Rate constant k under different pH
conditions (iii) Online dissolved ozone measurements during degradation of TC (iv) Mass
transfer coefficient of ozone at various pH conditions.

due to its pKa values. The pKa values for TC are pKa1 (3.3), pKa2 (7.7) and pKa3 (9.5)
[253]. When pH < pKa1 i.e. pH < 3.3, TC tends to exist in its protonated form (TC+)
and most TC molecules have not lost their first proton yet. When pKa1 < pH < pKa2,
TC is partially ionized as it is present in both forms ((TC+ and TC-). At pKa2, when pH
> 7.7, TC tends to exist in deprotonated form (TC-) where most TC molecules have lost
both protons. The degradation efficiencies were found to be almost similar at pH 4 and 9
with a value of 96.05% and 95.59% respectively within 35 minutes. This can be explained
by the fact that dissolved ozone concentration was found to be the highest in respect to
these two pH values. Further, their mass transfer coefficients were also the highest among
other pH values as depicted in Fig. 5.4 (iv). The pH plays an important role in the activity
of ozone as the mechanism of free radical generation changes with the pH. There are two
mechanisms possible in which the ozone reacts at different pHs. In acidic pH, direct ozone
attack is prominent while in basic mediums, ozone decomposes to form •OH radicals and
ROS which further react with the organic compounds [218]. However, the degradation
efficiencies at pH 4 and 9 were insignificant as after 15 minutes of ozonation, degradation
of tetracycline reached more than 90 %, and all slightly increased to approximately 96%.
Only at pH = 11, the degradation curve is different from those of other pH values. It
follows from the amount of dissolved ozone (Fig. 5.4 (iii)). It can be elucidated that
no dissolved ozone was detected during the first five minutes of the experiments, beyond
which it gradually increased from 0.5 to 1.2 ppm at the end of the reactions. While, for
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Figure 5.5: Influence of monovalent salt addition on degradation of TC (i) Degradation
of 200 mg/L TC under different NaCl concentrations (0.1-100 mM) (ii) Rate constant k
at under different NaCl concentrations (iii) Online dissolved ozone measurements during
degradation of TC (iv) Mass transfer coefficient of ozone at various salt concentrations.

other pH values the dissolved ozone ranged from 3-4 ppm. The rate constants suggest that
there was a negligible difference in the kinetics of the degradation reactions. Thus, TC was
readily degraded by direct ozonation (O3 molecule) and indirect ozonation (•OH generated
by ozone and H2O) throughout the procedure, making the difference in TC degradation
at different pH levels insignificant.

5.3 Degradation kinetics in the presence of monovalent salts

To investigate the effect of the presence of salts, monovalent salts were selected for this
particular study. A sodium chloride (NaCl) was used in the concentration range of 0.1-100
mM. The experimental setup was run for 30 minutes and the concentrations were measured
within intervals of 3 minutes intervals. The dissolved ozone concentrations were also
measured online during the experiments. A presentation of how the dissolved ozone plays
a major role is depicted in Fig. C.4 (in Appendix B). From the trends, it can be stated
that the ozone concentrations decrease in presence of salts as compared to that in DI water
(Fig. C.4 (i), Appendix B). Also, dissolved ozone curves were compared when only salt
was present to ozone concentration during degradation of TC. The graphs showed (Fig.
C.4’ (ii) and (iii), Appendix B) the difference in the dissolved ozone thereby claiming the
amount of ozone being consumed for TC degradation. The results for the effects of salt on
the degradation of TC are represented in Fig. 6. Following the observations from Fig. 5.5
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(i), it can be exclaimed that the presence of salts or an increase in the concentration of salts
declines the overall degradation of TC. The degradation of tetracycline majorly depends
upon the amount of ozone being dissolved by ozone nanobubbles which has been displayed
in Fig. 5.5 (ii). Dissolved ozone is the highest at 0.1 mM salt concentration with 1 ppm
ozone concentration followed by 0.75 ppm at 10 mM salt concentration. Similarly, the mass
transfer coefficients decrease with an increase in salt concentration (see Fig. 5.5 (iii)). The
highest mass transfer coefficient values were obtained at 0.1- and 1-mM concentrations
of salt and the degradation rate is highest at these two concentrations. The plausible
mechanism for this can be explained by phenomenon termed as salting out effect.
The presence of salts affects the efficiency of ozone dissolution and its ability to react
with the organic contaminant (TC). Higher salt concentrations reduce the contact time
between ozone and TC because of the low solubility, leading to lower degradation rates
and overall treatment efficiency. The dissolved ozone measured decreased with increase
in salt concentrations, owing to the higher ozone decomposition rates in the presence of
chloride ions. Based on the reaction kinetics, it was observed that the degradation of
the TC by O3 nanobubble follows the pseudo 2nd order reaction kinetics as shown in
Fig. 5.5 (ii). The reaction rate constant was measured for various salt concentrations
and it was almost the same with a negligible difference as depicted by the concentration
profiles overlapping each other except for 100 mM salt concentration. Now, comparing the
degradation efficiencies when no salts were present in the system, it can be observed that in
the absence of salts the degradation was higher with 98.44% while when the salt is added,
the degradation efficiency lowers down to 94%, thereby inhibiting the role of ozone in the
presence of salts [254]. Furthermore, in the presence of salt, ozone also reacts with chloride
ions, and therefore, it hinders the degradation of TC. The ozone reacts with chloride ions
by following a reaction mechanism [255] [256]:

O3 + Cl− → O2
•- +OCl− (5.7)

O3 +OCl− → 2O2
•- + Cl− (5.8)

These two equations (14 and 15) might be used to simulate ozone disintegration in the
presence of chloride ions, which would explain the decrease in ozone lifespan and further
its dissociation to superoxide radical ions. Compared to the hydroxyl radicals and ozone
itself, the oxidation potential of superoxide radicals is lower. Therefore, presence of salts
in the reaction systems dissociates ozone into less oxidation potential radicals thereby
decreasing the overall degradation efficiency of TC.

5.4 Degradation efficiency of TC by different methods

To study the effect of ozone in different forms, experiments were carried out under 4
different reaction systems namely (i) O3 NBs (ii) O3 MBs (iii) O2 MBs (iv) O3 Sparging.
The effect of adding H2O2 to each of the above reaction systems was also evaluated.
H2O2 is considered to increase the overall oxidation potential when combined with ozone
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Figure 5.6: (i) Comparison efficiency of different methods (ii) Pseudo second-order rate
constants (iii) Dissolved ozone in ppm during each experimental condition (iv) Mass
transfer coefficient for ozone at a constant concentration of Tetracycline (200 mg/L) at
10 L/min ozone and oxygen flow rates.

in AOPs. The first system studied the effect of O3 NBs alone and in combination with
1 M H2O2. The second system consisted of O3 MBs (prepared by MNB400 + SBT50,
Riverforest Corp) alone and in the presence of 1 M H2O2. In the third system, the effect
of oxygen MBs was measured in absence and presence of 1M H2O2. The fourth system
comprised of ozone being sparged directly to the stock solution through a sparger (G4
fritz quartz disc, 10 µm) in absence and presence of 1M H2O2. As described in the
experimental setup, the stock solutions were prepared in Milli-Q water with an initial
value of tetracycline to be kept constant at 200 mg/L. The flow rates of oxygen and
ozone were also conserved at 10 L/min. The experiments were run for 45 minutes and
the change in concentration of TC, rate constants, and mass transfer coefficients were
measured. All the results of the above-mentioned experiments are depicted in Fig. 5.6.
The degradation curve represented in Fig. 5.6 (i) clearly illustrates that no significant
amount of degradation of TC was observed in the case of oxygen microbubbles as compared
to the ozone microbubbles through sparging. Within 45 minutes, 23.17% degradation
was achieved while the degradation increased to 42.17% in case when O2 MBs were
combined with 1M H2O2. Whilst in the case when ozone was being sparged to the
reactor, degradation efficiency of 76.75% was attained while adding 1M H2O2 increased
the degradation efficiency to 81.75%. The effect of adding hydrogen peroxide served as
a classic description of the peroxone process [257] [258]. By means of electron transfer,
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the H2O2 will facilitate the O3’s breakdown; conversely, the O3 will activate (a so-called
peroxone process) the H2O2, producing •OH and HO2

• which can be shown in Eq. 15
[257]:

H2O2 +O3 −→ HO• +HO2
• +O2 (5.9)

Further, when O3 reacts with a •OH, it can produce less reactive radicals like HO2
•, which

O3 can then transform into •OH and O2 as shown in Eq. 17 and 18 [259] [260]:

HO• +O3 −→ O2 +HO2
• (5.10)

O3 +HO2
• −→ 2O2 +HO• (5.11)

Thus, adding H2O2 enhances the degradation efficiency. To study the advantage of using
ozone nanobubbles, comparison of ozone nanobubbles with microbubbles was also studied.
For O3 MBs, the degradation efficiency was 83.85% while in case of 1M H2O2, it increased
to 93.85% as shown in Fig. 5.6 (i). Out of the four systems compared, the best degradation
results were achieved for O3 NBs as the degradation efficiency reached a maximum value
of 95.73% and 96.51% for O3 NBs + 1M H2O2. These results can further be concluded
by calculating the rate constants as shown in Fig. 5.6 (ii). From Fig. 5.6 (iii) it can be
concluded that the highest concentration of dissolved ozone was produced in the presence
of ozone nanobubbles + 1M H2O2 with the concentration of 7.1 ppm which further
decomposes and forms radicals as mentioned above due to the peroxone reactions. In
case of microbubbles, the dissolved ozone 1.5 and 2 ppm in absence and presence of 1M
H2O2. Subsequently, when ozone was sparged in the presence or absence of 1M H2O2, the
concentrations reached 1.9 and 0.5 ppm, respectively. Depending upon the concentration
measurements, the mass transfer coefficient was calculated for each system as depicted in
Fig. 5.6 (iv). Clearly, the mass transfer coefficient was the highest for ozone nanobubbles
+ 1M H2O2 (0.16401 min-1), O3 NBs alone (0.15045 min-1), O3 MBs + 1M H2O2 (0.14658
min-1), O3 MBs alone (0.11335 min-1) followed sparger + 1M H2O2 (0.07199 min-1) and
lastly sparging ozone (0.00853 min-1).
Furthermore, Fig. 5.6 (ii) shows the kinetics of the degradation of tetracycline under
different conditions. The kinetic study showed that the degradation of TC exhibited a
strong match with the pseudo-2nd-order reaction kinetics. The k value of TC degradation
for NB + 1M H2O2 (0.00288 L mg-1min-1) was 4 times higher than that of O2 MBs +
1M H2O2 (0.0000785 L mg-1min-1) and 3 times higher than that of O3 MBs + 1M H2O2

(0.000761 L mg-1min-1). The findings of this study show that the incorporation of ozone
nanobubbles improved the effectiveness of degradation of tetracycline (TC). This can also
be validated by calculating the synergistic index (ξ) which can be determined by contrasting
the rate constants of the sole processes to that of the combined processes [64]:

ξ =
k(combined process)

k(sole process)
(5.12)
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Table 5.1: Synergistic coefficient for different methods

Process k (Lmg−1min−1) ξ Efficiency
Conacttime (%/min)

O3 NBs 0.00244 - 95.73/45 min
O3 NBs + 1 M H2O2 0.00288 1.177 96.71/45 min

O3 Sparger 0.000376 - 76.75/45 min
O3 Sparger + 1 M H2O2 0.000494 1.294 81.75/45 min

1 M H2O2 0.000006 - 17.23/45 min
O3 MBs 0.000509 - 83.85/45 min

O3 MBs 1 M H2O2 0.000761 1.478 93.85/45 min
O2 MBs 0.0000238 - 23.17/45 min

O2 MBs 1 M H2O2 0.0000785 2.634 42.17/45 min

where ksole process will be the rate constant of individual process and kcombined process will be
the sum of all the rate constants of the processes mentioned in the table. Higher values of
ξ demonstrates lower influence in the degradation using O3 in various processes. Following
the above formula, the synergistic coefficient values are depicted in the Table 5.1.

The observed enhancement may be attributed to three variables, namely: (a) the
influence of ozone in the degradation mechanism, which facilitated the generation of
reactive radicals responsible for the degradation of TC (b) the stability of nanobubbles
is much greater compared to regular ozone sparging. Moreover, nanobubbles exhibit a
prolonged release of ozone into water, resulting in an extended duration of ozone supply.
Consequently, nanobubbles provide enhanced efficiency in delivering a greater amount
of ozone throughout the oxidation process (c) the increased surface area of nanobubbles
has the potential to enhance mass transfer efficiency throughout the degradation process.
Reactive oxygen species and radicals, such as superoxide and hydroxyl radicals [141] [261],
are also produced during the collapse of the nanobubble, and this might help with the TC
breakdown.
In addition, to provide valuable insights on the efficiency and sustainability of using
ozone nanobubbles, a quantitative comparison with the conventional AOP degradation
techniques such as Fenton/Fenton like, photodegradation, photocatalysis etc. has been
presented in Table 5.2. Parameters like degradation rates, formation of by-products,
energy consumption and other operational parameters have been taken from the previous
literature. These findings from the literature have been compared to the present work
as in Table 5.2. Amongst all the AOPs listed, 100% degradation of the antibiotic was
achieved in O3/H2O2/UV as well as in O3 NBs. But in case of conventional O3, complete
mineralization of antibiotic TC was not achieved. Presence of organic intermediates with
high m/z values were still present even after 100% degradation. While in case of O3 NBs,
complete degradation was achieved at varying ozone flow rates (2.5-10 L/min). Since
100% degradation efficiencies were achieved at all the varying concentrations, it is an
important aspect to optimize the ozone flow rates in order to provide a cost and energy
efficient process. While at 10 L/min the time taken was 15 minutes, but for same reaction
conditions 40 minutes were required in case of 2.5 L/min. The amount of electricity being



72
Chapter 5. R&D 2: Tetracycline degradation for wastewater treatment based on ozone

nanobubbles advanced oxidation processes (AOPs)

Table 5.2: Comparison efficiency of ozone nanobubbles with conventional AOPs.

AOPs Conditions By-products Degradation % Energy Ref.
Fenton H2O2 = 0.3 mM Sludge 76% Low [262]

(Fe2+ = 0.3 mM) formation
Fenton-like H2O2 = 100 mM Sludge 94% Low [263]

Fe0@CeO2 catalyst formation
Photo- MIL-53 (Fe)/UV No by- 99.7% (80 mins) High [264]
catalysis products
Photo- Indirect photolysis Biochar, 89.95% High [114]
degradation syngas
O3/H2O2/UV O3 = 0.012 mM High molecular 99% High [265]

(H2O2 = 0–5.9 mM) mass organics
(λ = 254 nm) (Not

mineralised)
O3 NBs 6-12 mg/L O3 No by- 100% (15 mins) High Present

products (10 L/min) work.
100% (25 mins)
(5 L/min)
100% (40 mins)
(2.5 L/min)

consumed would be less when the degradation process is run for a smaller period of time.
Considering the above parameters, the best operational conditions would be to run the
set-up at 10 L/min in order to achieve rapid degradation and saving energy costs since
very less time is required to achieve 100% degradation.

Further, cost estimation of several oxidation processes for tetracycline degradation and
their combinations have been presented in Table 5.3 [144]. The operational costs have been
calculated for millibubble O3, Milli bubble O3 + Fenton, Milli bubble O3 + Ultrasound,
Millibubble O3 + Ultrasound + Fenton with the degradation of tetracycline using ozone
nanobubbles in the present work. The removal %, TC concentration and running time
for each method with operation cost per run has been mentioned in Table 5.3. From the
table, it can be clearly depicted that the cost was the lowest for ozone nanobubbles even at
higher range of TC (400 mg/L) of 0.072 USD/run compared to other conventional methods.
Here the costs were calculated based on electricity prices in Ropar, India (Rs 8 KWh-1)
and further converted to US $ equivalents (1 Rs. = 0.012 US $ as in July 2024).Thus,
application of ozone nanobubbles is cheaper than other conventional methods.

5.5 Effect of radical scavengers and determining the

degradation pathway

It has been discovered that the generation of nanobubbles leads to the release of reactive
oxygen species [266] which can be explained by a hypothesis termed as Rayleigh collapse
[267]. It states the generation of ROS occurs through hydrodynamic cavitation such
as sonication etc. where extreme pressure and temperature conditions ( 10 MPa and
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Table 5.3: Comparison of operation cost of different AOPs with ozone nanobubbles

Methods TC Removal TC Conc. Running Operation
(%) (mg/L) time Cost

(USD/run)
Milli bubble 98 50 10 min 0.539
O3 + Fenton
Milli bubble 98 50 20 min 0.655
O3 + Ultrasound
Milli bubble O3 98 50 20 min 0.313
Millibubble O3 + 98 50 10 min 0.371
Ultrasound +
Fenton
O3 NBs (USD/run)
(Present study)
1 mg/L 100 1 0.83 min 0.0013
10 mg/L 100 10 1.67 min 0.0026
50 mg/L 100 50 2 min 0.0032
100 mg/L 100 100 15 min 0.024
400 mg/L 100 400 45 min 0.072

Figure 5.7: Effect of addition of 2-propanol as an •OH scavenger (i) Degradation of TC
(200 mg/L) under the influence of 1 mM 2-propanol, sodium azide and chloroform (ii)
Pseudo second order rate constant at particular experimental conditions.

5000 K) result in NB collapse. In these circumstances, it would be advantageous for
water to molecularly dissociate into hydrogen atoms (•H) and hydroxyl radicals (•OH)
[268]. Nevertheless, some studies showing no ROS during nanobubble generation. For
instance, Chae et al. [267] found that benzoic acid degradation was not seen in the
presence of oxygen nanobubbles, even when sonication was utilized to accelerate the
collapse process. There was no electron paramagnetic resonance (EPR) signal. Further, it
was suggested that the pressure and temperature generated by the collapse of nanobubbles
would be lower than that of hydrodynamic cavitation, which might limit their capacity to
facilitate the dissociation of water. However, Yadav et al. [27] measured the formation
of ROS in nanobubbles (mixture of oxygen, hydrogen and ozone) produced through
electrochemical generation methods where ESR (electron spin resonance) technique was
used for the analysis. It was found that the spectrum exhibits discernible peaks that



74
Chapter 5. R&D 2: Tetracycline degradation for wastewater treatment based on ozone

nanobubbles advanced oxidation processes (AOPs)

bear resemblance to the presence of superoxides in the nanobubble sample. The radical
quenching experiments were performed to examine the role that indirect radical oxidation
(•OH, O2

•-, 1O2) and direct ozone molecule oxidation play in the tetracycline’s degradation.
Many researchers have utilised 2-Propanol, Sodium azide, chloroform (CLF) as a scavenger
of the •OH, 1O2 and O2

•- radicals respectively in oxidation experiments to comprehend
the impacts of direct and indirect oxidation pathways because of the strong response it
has with the radicals mentioned above [269] [270] [94] [70]. In order to assess the total
scavenging of •OH, O2

•-, 1O2 radical production by ozone nanobubbles, each scavenger
with a concentration of 1 mM were introduced at the start of the process. Fig. 5.7 (i)
represents the degradation of TC in the presence and absence of radical scavengers and
Fig. 5.7 (ii) depicts the pseudo second-order rate kinetics for the experimental runs.
It can be elucidated that in the presence of radical scavengers, the degradation efficiency
decreases. The TC removal achieved a level of roughly 99% when it was oxidised without
the addition of any scavenger. Upon the addition of 1 mM 2-Propanol, the removal of TC
shows a drop reaching a level of around 49.19%, 1 mM Chloroform shows a drop to 66.37%
and 1 mM sodium azide decreases the TC efficiency to 76.75%. This observation suggests
that the degradation process of tetracycline was impeded due to the scavenging action of
2-Propanol on •OH radicals, chloroform on O2

•- and sodium azide on 1O2. The kinetics
have been displayed in Fig. 5.7 (ii) where the reaction rate constants have been measured
and as mentioned earlier, it follows pseudo second-order kinetics. The rate constant when
no scavengers were used was 0.0096 L mg-1min-1, then it decreased to 0.000410, 0.000234
and further decreased to a value of 0.000131 L mg-1min-1 at 1 mM sodium azide, CLF
and 2-propanol respectively, thereby indicating the presence of radicals. Lower values of
rate constant imply higher presence of that specific radical in the degradation process.
Therefore, it can be concluded that •OH radicals played predominant role followed by O2

•-

and 1O2.
Given the notable improvement in the degradation efficiency of tetracycline using ozone

nanobubbles, it becomes imperative to ascertain the degradation route associated with
this novel synergistic activity. Consequently, a comprehensive investigation was conducted,
specifically employing liquid chromatography–mass spectrometry (LC-MS). To investigate
the degradation routes further, LC-MS analysis was used to identify the intermediates
formed during the degradation process. The mass spectra at a time interval of 15 minutes
are shown in Fig. S6. The mass spectra of the intermediates have been provided in
Table S1 presented in supporting information. The intensity of the mass spectrum and
the proposed structure of the main intermediates has been presented. In Figure S6 at 0
minutes, in the first spectra, a peak of tetracycline (m/z = 445.263) was observed [271] [272]
[273]. The spectra majorly displayed the intermediate products with m/z values of 445,
410, 363, 340 and 227. Notably, the degradation pathways of TC include demethylation,
decarbonylation, hydrolysis, ozonolysis, decarboxylation and alcohol oxidation [274] [275].
Under the constant light, active species (h+, •OH, and O2

•-) attacked the TC molecules
and their intermediates, breaking them down into secondary products with a reduced
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molecular weight.
TC molecule (m/z = 445) when attacked by ozone (O3 addition) during the initial
stages of ozonation forms an intermediate P1 (molozonide) which is a transient and
relatively an unstable compound. Further P1 rapidly decomposes to P2 (ozonide)
which eventually breakdown to carbonyl compound (P3) after the oxidative step. P3
fragmented into P4 (m/z = 410) and P25 (m/z = 340). The fragmentation of P3 through
oxidative demethylation, oxidation of amine, imine hydrolysis, subsequent ozonolysis and
decarboxylation lead to the formation of P25 (m/z = 340). Whereas P4 may further
disintegrate by 1,2,3-tricarbonyl oxidation followed by ozonation of C=C double bond
at P11 to decarboxylation leading to the formation of an intermediate P15 (m/z =
362) (Fig.5.8). P15 further breaks down into intermediate P18 (m/z = 226) upon
decarboxylation and alcohol oxidation forming a polar intermediate (Fig.5.8). Since
equivalent degradation products were formed when TC molecules were progressively
dislodged, it was anticipated that these products would eventually disintegrate into
CO2, H2O, NH4

+ molecules, and other intermediates [229]. Depending upon the above
degradation analysis, the chemical equation and process for the breakdown of TC by ozone
nanobubbles can be presented as [229] [142] [253]:

TC +O3 → Products k = 0.01285Lmg−1min−1 (5.13)

O3 +OH− → O2 +HO2
− (5.14)

O3 +HO2
− → O2

•- + •OH +O2 (5.15)

O3 +O2
•- → O3

•- +O2
• (5.16)

O3 +H2O → •OH +OH− +O2 (5.17)
•OH + TC → intermediates→ CO2 +H2O (5.18)

O2
•- + TC → intermediates→ CO2 +H2O (5.19)
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Figure 5.8: Possible degradation pathway mechanism of tetracycline through LC-MS
technique.



Chapter 6

R&D 3: Ozone nanobubbles based
advanced oxidation processes (AOPs)
for degradation of organic pollutants

This chapter presents the degradation of two organic contaminants namely green rit dye
and methylene blue dye using ozone nanobubbles. The work focused on the parameters
such as variations in initial concentrations of organic contaminants, varying pH, presence if
salts and surfactants, comparison efficiency with oxygen nanobubbles and microbubbles and
effect of charge possessed by nanobubbles. The degradation products from methylene blue
dye were investigated using LC-MS techniques. The presence of reactive oxygen species in
the degradation process was studied using the radical scavenging experiments. The variation
of concentration of both the dyes was investigated using UV-Visible spectrophotometer.

6.1 Effect of ozone flow rate on nanobubble generation

Ozone NBs were generated using the nanopore diffusion method. The experiments were
run at various flow rates of ozone (1–10 L/min) being fed to the reactor. The characteristics
such as bubble number density, mean bubble diameter, and zeta potential were measured
as shown in Fig. 6.1. The mean size was in the range of 120 - 250 nm with a bubble number
density ranging from 5× 107-18 × 107 bubbles/mL. Whereas the ozone NBs possessed a
negative zeta potential of magnitude ranging from -7 to -14.7 mV. The effect of various
flow rates of ozone on the bubble number density as well as the mean bubble diameter is
shown in Fig. 6.1 (a). It can be elucidated from the figure that up to 5 L/min ozone flow
rates, the bubble number density increases and then gradually decreases up to 10 L/min.
Whereas the mean bubble diameter increases when the ozone flow rate increases. On the
other hand, the zeta potential magnitude increases as the ozone flow rate increases (Fig.
6.1 (b)). From Fig. 6.1 (c) it can be seen that ozone flow rates play a major role in the
generation of NBs as well as the amount of dissolved ozone present in the NB solution.
It can be observed that the dissolved ozone remains higher at smaller flow rates of ozone.
This is attributed to the fact that the retention time for ozone conversion in the Corona
discharge tube is higher at a low flow rate. Therefore, ozone concentrations are higher at
low flow rates. Also, the volumetric mass transfer coefficient was estimated at each flow
rate, as shown in Fig. 6.1 (d). The highest value was achieved at 5 L/min with a value of
0.8195 min-1. In a nutshell, we can conclude from the following experiments that (i) the
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Figure 6.1: Nanobubble generation at various ozone flow rates (1-10 L/min) and their
characterization using NTA and DLS analysis (a) Comparative representation of BND
with mean bubble diameter (b) Zeta potential trend (c) Dissolved ozone monitoring (d)
Measurement of the volumetric mass transfer coefficient (kLa) at various flow rates of ozone

bubble number density attains a maximum at 5 L/min giving the highest negative zeta
potential and the lowest nanobubble diameter; (ii) the ozone concentration reaches 7 ppm
at 5 L/min ozone flow rate, and the highest mass transfer coefficient was achieved at 5
L/min. Therefore, a 5 L/min flow rate was chosen for further degradation experiments.

6.2 Effect of change of initial concentration of dye

Initially, the concentrations of organic pollutants (GRD and MB) were chosen as 10-200
mg/L and 0.5-30 mg/L, respectively. For each concentration, the solutions were prepared
and introduced individually to the reactor. The measurements of the following parameters
(a) residual concentration of the organic pollutants (b) dissolved ozone concentration (c)
characteristics of NBs formed at the end of the experiments (end product) were measured.
The ozone flow rates as noted from the previous sections were kept constant at 5 L/min
and all the solutions were at a constant pH of 6.5. When the ozone bubbles are generated
in the contaminated solution, the concentration of the organics is gradually reduced to a
colorless solution for both organic pollutants. Fig. 6.2 indicates the degradation of organic
contaminants in the presence of ozone nanobubbles. Fig. 6.2 (a-c) represents the results
for the NTA and DLS analysis of the nanobubbles formed during the degradation process
in 5 minutes. The ozone nanobubbles generated in the contaminated solution exhibit a



Chapter 6. R&D 3: Ozone nanobubbles based advanced oxidation processes (AOPs) for
degradation of organic pollutants 79

Figure 6.2: Effect of initial concentration of dye on degradation at 5 L/min ozone flow
rates (a) Bubble size distribution of green rit at various concentrations (10-200 mg/L)
(b) Mean bubble diameter (c) Zeta potential of the end products; (d) Varying initial
concentrations of green rit (10-200 mg/L) (e) Kinetics of the reaction rate constant k
(f) Varying initial concentration of methylene blue (0.5-30 mg/L) (g) The reaction rate
constant of degradation of organic pollutants

positive correlation with the contaminant concentration as shown in Fig. 6.2 (a). The
plausible reason for the higher bubble number density is the stabilization of nanobubbles
by the organic molecules. On the other hand, the mean bubble diameter (Fig. 6.2 (b)) and
zeta potential (Fig. 6.2 (c)) are also observed to increase slightly. The diameter ranges
from 120-130 nm while the charge possessed by the nanobubbles was in the range -36 to -39
mV. The change in color and concentration of organics are depicted in the form of pictorial
representation as shown in Fig. 6.2 (d) and (e). The results show that the lower the initial
dye concentration, the lesser the time required for the degradation to occur as expected.
It was observed that 90 % of the contaminant had vanished within the first three minutes.
After five minutes, 100 % of the contaminant had been degraded and the concentration
had dropped below the detection limit.

Assuming that the degradation process is expressed by second-order reaction, the time
versus 1/CA was fitted well by a single exponential, 1/C0 + k t, where k is the rate
constant, C is the concentration at time t and C0 is the initial concentration. The value of
the pseudo-second-order rate constant k increased linearly with the concentration of both
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contaminants. The rate constant k was calculated using the above and is shown in Fig.
6.2 (e) and (g). It can be concluded that the magnitude of the rate constant k was higher
in the case of MB as compared to the GRD. At 0.5mg/L MBD, the rate constant k value
was highest at 1.11061 L mg-1 sec-1 while 0.00863 L mg-1 sec-1 was the value at 100 mg/L
for GRD.

6.3 Effect of change of ozone flow rates on dye degradation

Ozone is a powerful oxidant that possesses a redox potential of 2.07 mV and therefore, it is
used in wastewater treatment and advanced oxidation processes [65]. The amount of ozone
dissolved in water plays a major role in disintegration of the organic contaminants present
in the wastewater. From the previous section, it was observed that the concentration of
nanobubbles was the highest at 5 L/min followed by 2.5 and 7 L/min with dissolved ozone
concentrations of 6.5, 9, and 4.5 ppm respectively. Therefore, this study examined the
effect of changing the ozone flow rates on the degradation of both organic pollutants. Fig.
6.3 presents the degradation kinetics of both organic pollutants at various concentrations
along with the reaction rate constants to determine the quickest degradation feasible at
a given flow rate. Similarly, Fig. 6.3 (a) and (b) depict the effect of ozone flow rates
on varying concentrations of the contaminants. It is to be noted that the best results
were achieved for the ozone flow rate of 5 L/min. Whereas, no significant amount of
difference was noted for 2.5 and 7 L/min of ozone flow rates for the degradation of GRD.
A similar observation was made for various concentrations of MB as shown in Fig 6.3 (c)
and (d). The kinetic fits for all the flow rates at different concentrations are mentioned
in Appendix C (Fig. D.1 (a), (b), (c) and (d)). The rate of degradation was faster for
the higher dissolved ozone concentration and higher number of nanobubbles formed. The
reaction rate constant was estimated to be the highest at 5 L/min of ozone flow rates where
we had achieved the maximum amount of ozone nanobubbles. The concentration curves
observed are more steeper in the case of 5 L/min thereby implying that the rate constant
should be higher at this value. Thus, the degradation of organic contaminants is affected
both by the dissolved ozone concentration as well as the amount of NBs present in the
solution. Clearly, at 2.5 L/min, although the dissolved ozone concentration is higher, but
the density of NBs is lower. Similarly, in the case of 7 L/min, both ozone concentration
and the nanobubble density are lower. Therefore, at 5 L/min, where the NB concentration
is the highest with an ozone concentration of 6.5 ppm, the degradation is the fastest. In a
nutshell, the degradation rate depends on the ozone flow rate, the concentration of ozone,
and nanobubble density during the degradation process.

6.4 Effect of pH, salts and surfactants

During the ozonation process, there are two major mechanisms involved in the degradation.
Direct attack by ozone molecule and indirect attack by •OH radical. Interestingly, the pH
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Figure 6.3: Effect of various ozone flow rates (2.5, 5 and 7 L/min) on dye degradation (a)
Green rit dye (100 mg/L) (b) Green rit dye (200 mg/L) (c) Methylene blue dye (10 mg/L)
(d) Methylene blue dye (20 mg/L) with rate constant k

level of the solution has a major impact on the formation of the •OH radicals. In an acidic
medium or at lower pH levels, direct attack by ozone molecule is dominant, whereas at
higher pH or basic medium, •OH radical attack plays a major role [218]. In this study,
the pH of the contaminant solution was varied from 4-10 at two extreme concentrations
of organic pollutants. Fig. 6.4 (a) and (b) depict the trends of the effect of pH on MB
degradation. Two concentrations of 10 and 20 mg/L were considered for this study. The
degradation efficiency is higher at a higher pH (basic medium) than at a lower pH (acidic
medium). At higher pH, there are more chances of generation of hydroxyl radical by the
collapse of NB leading to a second mechanism of hydroxyl radicals to be dominant in this
case. The rate constant for degradation is represented in Fig. 6.4 (c) where it is observed
that higher pH results in higher values of k. A decrease in the overall pH of the solution has
been noted during the ozonation process. This might imply that the organics degrade into
more acidic intermediates during the process leading to a lowering of the overall pH of the
solution. Also, a significant amount of organic contaminant degradation was observed for
both acidic as well as basic media. The reaction kinetics follows the pseudo-second-order
and it has been shown in Appendix C (Fig. D.2).
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Figure 6.4: Effect of pH (4-10) on degradation of dye at a constant ozone flow rate of 5
L/min (a) 100 mg/L green rit dye (b) 200 mg/L green rit dye (c) Comparison of reaction
rate constant for both green rit dye concentrations (d) 10 mg/L methylene blue dye (e)
20 mg/L methylene blue dye (f) Comparison of reaction rate constant for both methylene
blue dye concentrations

The phenomenon known as the "salting-out effects" occurs when the concentration of salt
in an aqueous salt solution causes a reduction in the solubility of gases. Since presence of
salts lowers the gas solubility, thus it would also slow down the degradation. To study these
effects, mono- and multivalent chloride salts was explored on the degradation of organic
contaminants by the use of ozone nanobubbles. Fig. 6.5 (a) and (d) show the degradation
at various concentrations of the monovalent salt (Sodium Chloride). As shown in the figure,
the salt had a similar effect on the degradation efficiency of both organic contaminants.
With the increase in the salt concentration, the overall degradation efficacy increased. The
presence of salt in the organic solution prohibited the extent of degradation up to a certain
extent. This result can be concluded from the fact that when only ozone nanobubbles are
used, the degradation% reaches a value of 99.28% and 100% for GRD and MB, respectively.
On the contrary, when salt is added to the solution, the percentage degradation goes down
to 96.52% and 86.25% for GRD and MB, respectively. Similar trends were observed for
the divalent (Fig. 6.5 (b) and (e)) and trivalent (Fig. 6.5 (c) and (f)) salts.

Comparing the degradation efficiency of the three types of salts, the highest degradation
efficiencies were obtained for the monovalent salts followed by divalent and trivalent salts.
The rate constants have been estimated for all three salts shown in Appendix C (Fig. D.3
and D.4). The residual organic concentration in the end product was found to increase
as the valency of the salts increased. Moreover, the time required for 100% degradation
increased upon increasing the salt concentration. It is widely known that adding salts
results in the screening of EDL (electric double layer) of nanobubbles, which in turn reduces
bubble number density and zeta potential and increases mean size [227]. Zeta potential
on the other hand reduces for NaCl but remains negative, drops down to zero for calcium
chloride, and changes to positive charge for the trivalent salt [92]. Therefore, it may be
concluded that the reason for reduced degradation efficiency at higher salt concentrations
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Figure 6.5: Effect of salt concentration on dye degradation (2-100 mM) at a constant 5
L/min ozone flow rate (a) Monovalent salt (NaCl) (b) Divalent salt (CaCl2.6H2O) (c)
Trivalent salt (AlCl3) at 20 mg/L methylene blue dye concentration (d) Monovalent salt
(NaCl) (e) Divalent salt (CaCl2.6H2O) (f) Trivalent salt (AlCl3) at 200 mg/L green rit
dye concentration

is due to reduced nanobubble stability accompanied by smaller nanobubble number density
and higher nanobubble mean size.

Fig. 6.6 (a) and (b) demonstrate the degradation of GRD and MB at a range of SDS
concentration (0.3-5 cmc) (critical micelle concentration) (0.1 cmc, equivalent to 0.82 mM,
[92]. When no SDS was added (SDS = 0 mM), the highest absorbance for GRD is 526 nm,
and consequently for MB is 668 nm which is consistent with the literature reports [276].
Upon addition of SDS, the maximum absorbance saw a change within a range of ±2. At
a GRD concentration of 200 mg/L, the degradation of dye increased with increasing SDS
concentration as depicted by the reduced absorbance. As the surfactant concentration is
increased from 0.3 to 1 CMC, the degradation efficiency of GRD has also increased. This
degradation may be caused by any two of the following mechanisms. The first is due to
the creation of pre-micelles that take up the dye molecules, while the second is due to
additional surfactant monomers suppressing electrostatic contact between dye molecules
[276]. At 8 mM of SDS (CMC value of SDS) that corresponds to 1 CMC, the highest
amount of degradation was achieved. At concentrations above CMC, the degradation
efficiency decreased. Thereby, it can be concluded from the results that up to the CMC
concentration of SDS, the degradation of GRD increased.

For 20 mg/L of MB as shown in Fig. 6.6 (b), depicted that as the concentration of SDS
increases, the degradation efficacy for MB dye decreases. For MB, the dimer may formed
at a lower concentration of SDS. Since the MB solution is more turbid and concentrated,
the dye requires less amount of surfactant to form the dimer. The lower the amount
of SDS present in the MB solution, the greater will be the degradation efficiency. The
interaction between dye-surfactants in aqueous solutions has been studied extensively.
From the earlier studies, it has been established that both electrostatic and hydrophobic
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Figure 6.6: Effect of concentration of surfactant (0.3-5 cmc) (a) Anionic surfactant (SDS)
at 200 mg/L GRD (b) Anionic surfactant (SDS) at 20 mg/L MB (c) Comparative trends
of rate constant for SDS (d) Cationic surfactant (CTAB) at 200 mg/L GRD (e) Cationic
surfactant (CTAB) at 20 mg/L MB (f) Comparative trends of rate constant for CTAB

forces are important for the interaction between the ionic dyes and surfactants. The dye
interactions with opposite-charged surfactants are mostly coulombic in nature. Whereas
when the same charge is possessed by the surfactant and dye, the interactions can occur
only if the hydrophobic forces can overcome the electrostatic ones. The degradation in the
presence of cationic (CTAB) surfactant concentration (0.3-5 CMC) has also been studied
as shown in Fig. 6.6 (d) and (e). Although for MB, the charge possessed by the surfactant
and dye were the same [276], the hydrophobic forces were stronger than the electrostatic
forces that led to the degradation of the dye molecules to a colorless solution. Noting
the trend for the different concentrations of surfactant (CTAB) used, the best results
were achieved for 0.3 CMC equivalent to 2.46 mM of CTAB. Unlike with CTAB, where
peak degradation efficiency was observed at an intermediate concentration, we observed
the highest degradation efficiency at the lowest SDS concentration (0.3 cmc). The rate
constant calculated at each concentration of the SDS and CTAB are represented in Fig.
6.6 (c) and (f) respectively (kinetic fits presented in Appendix C (Fig. D.5)). In both
figures, it can be observed that the rate constant k decreases with an increase in the
surfactant concentration for MB. Whereas for GRD, the k increased initially with CTAB
concentration but started decreasing after the CTAB concentration was increased beyond
1 cmc. Thus from the results it can therefore be concluded that (a) Despite the nature
of the surfactant, GRD degrades at a higher rate with lower surfactant concentrations (b)
the concentration of surfactant plays an important role in the degradation process. The
lower the amount of surfactant used, the quicker will be the degradation.
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6.5 Comparison of treatment efficiency of ozone and oxygen

nanobubbles, microbubbles and charge possessed by

nanobubbles

Throughout the literature, many articles have reported the degradation of organic
pollutants extensively in review articles [155] [160] [150] [165]. Chu et al. [88] studied
the ozonation of CI Reactive Black 5 using microbubbles and compared the efficiency with
bubble column reactor. The pseudo-first-order rate constant was 3.2–3.6 times greater at
the same starting dye concentration compared to the bubble contactor, and the overall
mass transfer coefficient was 1.8 times higher. Bui and Han [277] studied the degradation
of GRD using positively charged oxygen nanobubbles. Ma et al. [278] coupled Fenton and
micro-nanobubbles for degradation of Congo red dye and achieved 94% degradation results.
Following the literature, a set of experiments was performed to compare the treatment
efficiency of ozone, oxygen microbubbles, and nanobubbles. At pH 6.5, 200 mg/L of GRD
was treated with both types of nanobubbles (ozone and oxygen). From Fig 6.7 (a), it can
be inferred that there was a significant amount of difference in the treatment efficiency
of ozone and oxygen NBs. However, the collapse of oxygen nanobubbles may lead to the
formation of hydroxyl radicals. From the experiments, a very small amount of degradation
of organic (36.8 %) was observed in the case of oxygen nanobubbles. Whereas for ozone
nanobubbles, complete degradation was achieved. In the case of oxygen nanobubbles,
at acidic pH, the formation of hydroxyl radicals is not that significant. The only possible
mechanism here would be the formation of hydroxyl radicals by the collapse of NBs leading
to the degradation of the organic product. In addition to hydroxyl radicals from the ozone
nanobubbles, ozone molecules also directly play a role in the degradation mechanism. As
a consequence, the findings clearly show that dye breakdown utilizing oxygen nanobubbles
would be extremely slow and practically insignificant.

The positively charged oxygen NBs having a zeta potential of +10 mV were attained by
adding 2 mM Al3+ (Aluminium Hydroxide) to the solution. Adding Aluminium hydroxide
lead to the formation of Al3+, Al (OH)++ and Al(OH)+2 [277]. Fig. 6.7 (b) indicates the
degradation rates of the GRD in the presence of negatively and positively charged oxygen
NBs. Considering the GRD concentration of 200 mg/L, the degradation efficacy was more
prominent in the case of negatively charged NBs as compared to positively charged ones.
Explicitly, in the absence of Al+, the degradation rate reached a maximum of 57.2%. In
contrast, the positively charged oxygen NBs could remove upto 47.31% after 60 minutes
of the reaction time.

There has been a lot of debate on the working of microbubbles with nanobubbles in the
advanced oxidation processes. When compared for the formation of reactive oxygen species
and mass transfer, the burst of nanobubbles would provide a more effective means of
increasing the number of ROS formation as well as an enhancement of the mass transfer
coefficient [266]. A comparative study was conducted to observe the degradation efficiency
of ozone microbubbles to nanobubbles. The results are depicted in Fig. 6.7 (c). It
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Figure 6.7: Comparison efficiency in dye degradation (a) Ozone and oxygen nanobubbles
(b) Oxygen nanobubbles with positive and negative charge (c) Ozone nanobubbles vs ozone
microbubbles (d) Reaction rate constant k for various comparative methods depicting
highest rate constant for ozone nanobubbles

can be depicted that the ozone nanobubbles degrade the dye faster as compared to the
microbubbles. The time required for the complete degradation of dye is 100 seconds in the
case of nanobubbles. This can also be presented in the form of a kinetic study where the
rate constant k when compared for all the systems gives the highest value for ozone NB’s
followed by ozone MB’s, -ve Oxygen NB’s, and +ve Oxygen NB’s as depicted in Fig. 6.7
(d).
Additionally, the cost estimation of various conventional dye degradation methods and
hybrid advanced oxidation processes have been compared to the ozone nanobubble
technology on the basis of removal percentage, time taken and unit operation cost. The cost
comparison was done for methylene blue dye as the main contaminant. Cost estimation
of several processes for MB degradation have been presented in Table 6.1 [279]. From the
table, it can be clearly depicted that the cost was the lowest for ozone nanobubbles even
at a higher range of TC (400 mg/L) of 0.072 USD/run compared to other conventional
methods. Here the costs were calculated based on electricity prices in Ropar, India (Rs
8 KWh-1) and further converted to US $ equivalents (1 Rs. = 0.012 US $ as in July
2024).Thus, application of ozone nanobubbles is cheaper than other conventional methods.

6.6 Radical quenching and analysis of intermediates

It has been reported in many studies that the NB collapse leads to the formation
of reactive oxygen species (ROS) that majorly include short-lived radicals - hydroxyl
(•OH), superoxide (O2

•-) and singlet oxygen (O1
2) [61]. These ROS cannot be quantified
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Table 6.1: Comparison of operation cost of different AOPs with ozone nanobubbles

Type of process Removal Time taken (min.) Unit operation cost
(Conventional/Hybrid AOPs) efficiency (%) (USD/m3)
Chemical coagulation 93 28.41 1.99
Electro-Fenton 90.3 60 3.13
Fenton’s Oxidation 24 120 2.50
Ozonation 95 25 29.69
Photo-Fenton process 100 120 0.91
Present Study Removal Time taken (min.) Unit operation cost
(Ozone nanobubbles) efficiency (%) (USD/run)
Green rit dye (200 mg/L) 100 2 0.0032
Methylene blue (1 mg/L) 100 0.33 0.0009
Methylene blue (30 mg/L) 100 1.67 0.0026

Figure 6.8: Radical quenching experiments (a) Comparison of degradation efficiency in
presence of scavengers (2-Propanol and Sodium azide) to degradation efficiency when no
scavenger is present (b) Comparison of the reaction rate constant in presence and absence
of scavengers

directly. So there concentration is measured with respect to their reactivity towards certain
chemicals used as probes or quenchers. In this study, radical quenching experiments were
performed in order to identify the reactive oxygen species that were formed during the
process of ozonation. 1 mM of 2-Propanol and 1 mM of NanN3 were used as scavengers
for trapping the reactive oxygen species such as hydroxyl radical (•OH) and singlet oxygen
(O1

2) respectively. All experiments were conducted at pH 7. As depicted in Fig. 6.8
(a), the concentration profile for the degradation of GRD (200 mg/L) fitted very well
with the pseudo second-order kinetics. Fig. 6.8 (b) shows the values of the rate constant
for the pseudo-second-order reaction. From the graph, it was observed that the value of
the rate constant decreased to 0.0000689 L mg-1 min-1 with the addition of 2-propanol
which indicates the presence of •OH radicals and their dominant role in the degradation
of dye. With the addition of NaN3, the k value climbed up to 0.0000921 L mg-1 min-1

suggesting that singlet oxygen (O1
2) also contributed to the degradation of contaminant.

Whereas, when no scavenger was added, the k value increased to 0.00301 L mg-1 min-1

which confirms the formation of the reactive species during the process. The results were in
good agreement with the previous reports in which these ROS coexisted in the nanobubble
solution [94]. Whilst the •OH radicals were the most important oxidant in the system as
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Figure 6.9: Analysis of intermediates being formed during ozonation by LC-MS analysis
showing MS spectra and the possible degradation mechanism

compared to (O1
2). Hence, it can be inferred that •OH radicals are predominant active

species in the degradation process.
Further, the intermediates during the ozonation process in the presence of surfactant (SDS)
were performed using LCMS analysis. The results are depicted in Fig. 6.9. From the MS
spectra, it can be depicted that no peaks appear at m/z = 284.35 after 120 seconds of
the treatment, indicating that the whole MB has been destroyed [215]. Nonetheless, in
the mass spectrum, some peaks appear at m/z values of 294, 289, 285, 256, 227, 158, 143,
130 and 122. Upon dissolving MB in water, Cl ionizes to form Cl-, corresponding to the
peak at m/z = 284. Two routes may be distinguished in the degradation pathway: route I
and route II. This is because of the powerful oxidizing free radicals [241] and ozone itself.
In route II, the cation in the MB molecule underwent either partial isomerization to form
product at peak m/z = 285 in which the methyl group was linked with N, which was
readily attacked by •OH or demethylation to generate product at peak m/z = 256 due to
the action of ROS during bubble rupture [245] [243]. m/z = 256 kept demethylating in
response to the same action, forming products m/z = 158 and m/z = 143. m/z = 158 and
m/z = 143 underwent a sequence of events, including hydroxylation, nitration, bond, and
ring breaking, and ultimately mineralized. On the other degradation route I, MB molecules
were first attacked by ozone, which hydroxylates them to create polyhydroxy compounds
(m/z = 294). After that it was nitrated and demethylated by O and cavitation effects,
resulting in products m/z = 289 and m/z = 227. Additionally, the ring was opened to create
products m/z = 130 and m/z = 122, the C-S bond was broken, and the mixture eventually
mineralized entirely [280] [245]. Similar analysis were performed for degradation of 100
mg/L methylene blue organic pollutant the results of which are presented in Appendix C
(Fig. D.7).



Chapter 7

R&D 4: Advanced oxidation of
Arsenic(III) to Arsenic(V) using
ozone nanobubbles under high salinity

In this chapter, The work on oxidation of As(III) using ozone nanobubbles has been
reported. The effects of ozone flow rates, initial arsenic(iii) concentrations, effect of varying
pH and presence of salts has been investigated. The use of 2-propanol as the •OH radical
scavenger has also been reported. The degradation kinetics has also been studied in this
work. The generation of ozone nanobubbles through nanopore diffusion method is also been
reported in this work.

7.1 Effect of ozone flow rate on nanobubble generation

The nanopore diffusion method was utilized to generate ozone nanobubbles in pure water
[3]. The effect of ozone flow rate on mean bubble diameter and bubble density are presented
in Fig. 7.1 (a). The bubble density ranged from 3 × 107 to 6 × 107 bubbles.mL-1 with
a mean bubble diameter ranging from 125-190 nm (Fig. 7.1 (a)). Ozone nanobubbles
typically possessed a negative zeta potential, with a maximum magnitude of -11 mV (Fig.
7.1 (b)). The bubble density monotonically increases with an ozone flow rate up to 3
L/min, and it levels off to a decreasing value until 10 L/min, whereas the mean bubble
diameter increases with the ozone flow rates and levels off to a constant value of 200 nm.
On the other hand, zeta potential measurements in Fig. 7.1 (b) progressed to a maximum
as the ozone flow rate increased from 1 to 3 L/min, followed by a gradual decrease with
increasing flow rates. This is attributed to the fact that at higher flow rates, the bubble
density decreases, decreasing the zeta potential magnitude. The cumulative population of
nanobubbles at distinct flow rates were depicted in Fig. 7.1 (c). The sharpness of the curve
reflected a smaller size of the mean bubble diameter, as illustrated for 3 L/min results. Fig.
7.1 (d) showed the representative light scattering intensity of ozone nanobubbles generated
using 3 and 10 L/min ozone flow rates. They were compared against commercial 150
nm polystyrene nanoparticles. The scattering intensity of the nanobubbles was measured
to be smaller than that of the polystyrene particles. Relative to the refractive index of
gas-filled polystyrene bubbles (1.633), the ozone nanobubbles refractive indices in pure
water were calculated to be 1.018 and 1.002 at 3 and 10 L/min, respectively. Thus, it can
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Figure 7.1: Ozone nanobubble generation in pure water at various ozone flow rates (a)
Bubble number density and mean diameter (b) Zeta potential (c) Cumulative population of
ozone nanobubbles (d) Comparison of the scattering intensities of 100 nm mono-dispersed
polystyrene latex beads with ozone nanobubbles produced at 3 L/min (127.2 nm) and 10
L/min (196.6 nm)

be said that only nanobubbles were being produced during the generation and degradation
processes. To summarize, during the generation and degradation processes. To summarize,
it can be concluded that the ozone nanobubbles generated in pure water were undoubtedly
nanobubbles as their refractive index was close to 1.00, as in the case of nano-entities [23].

7.2 Effect of ozone flow rate on Arsenic oxidation

To study the effect of ozone flow rates and ozone intake, the experiments were performed at
different conditions. The amount of As(III) oxidized to As(V) was measured with reaction
rate kinetics. Online measurements of dissolved ozone concentrations were also performed.
Although the change in ozone flow rate was over one order of magnitude, but it was found
that the degradation was more at 3 L/min with 60% conversion rates. In addition to that,
the oxidation was rapid and effective even at other flow rates (1-10 L/min).
Fig. 7.2 (a) and (b) depicted the concentration profiles and final concentration of As(V),
respectively, at each individual flow rate. Fig. 7.2 (b) showed that oxidation of As(III)
to As(V) was higher at 3 L/min than at other flow rates. This can be attributed to the
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Figure 7.2: (a) Effect on oxidation of As(III) to As(V) at different ozone flow rates with
respect to time (b) Final As(V) concentration achieved at the end of 10 minutes at different
ozone flow rates (c) Reaction rate constant at various flow rates (d) Online dissolved ozone
measurements during oxidation process

fact that the highest amount of dissolved ozone (6.5 ppm) was achieved at 3 L/min of
ozone flow rates, as depicted in Fig. 7.2 (d). This also corresponds to the higher As(V)
observed in Fig. 7.2 (b). Thus, higher conversion rates, i.e. As(III) to As(V), were achieved
when higher concentrations of dissolved ozone were present [281] [209]. This can also be
confirmed by the rate kinetics performed at each flow rate, as depicted in Fig. 7.2 (c).
The kinetics followed the first-order reaction with the highest rate constant K at 3 L/min
(0.08572 min-1). Thus, it can be said that the higher the concentration of ozone, the
higher the degradation efficiency, and the higher will be their rate constant. Also form
Fig. 7.1 (a), it was observed that the nanobubbles formed were highest in concentration at
3 L/min thereby increasing the mass transfer coefficient of ozone. The rate kinetics were
also examined, and the rate constant, K, is represented in Fig. 7.2 (c). It showed that
the degradation process of As(III) matched well with first-order kinetics (R2= 0.96). The
highest rate constant of 0.08572 min-1 was observed at 3 L/min. This implied that the
amount of dissolved ozone concentration played a major role in the degradation of As(III).
Henceforth, for further experiments 3 L/min was chosen for oxidation reactions of As(III).
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7.3 Effect of initial concentration of As(III)

The effect of initial concentrations of arsenic has been presented in this section. The ozone
intake rates were fixed at 3 L/min for these experimental runs, and other parameters
were also held constant. Fig. 7.3 (a) illustrates the oxidation of As(III) to As(V) at
different initial concentrations. The amount of dissolved ozone was essentially the same
since the ozone flow rates were kept constant at 3 L/min, translating to a dissolved ozone
concentration of 6.8 ppm. The degrading efficiency as a function of time has been depicted
in Fig. 7.3 (b). The initial concentration of As(III) increased the oxidation time. As
oxidation with ozone proceeded, the As(III) gradually converted to As(V). The degradation
efficiency reached 98% and 96% within 18 and 20 minutes (for 1 ppm and 2-4 ppm of As(III)
concentrations) respectively. It is observed that the degradation enhances over time and
that the initial concentration of As(III) had no effect on the dissolved ozone concentration.
This can be explained by determining the reaction rate constant, as shown in Fig. 7.3
(c). The reaction followed first-order kinetics. The reaction rate constant values were
reported to be 0.07346 min-1, 0.0633 min-1, 0.05967 min-1 and 0.06434 min-1, respectively,
for 1, 2, 3, and 4 ppm. The minor difference in the obtained rate constants concluded
that the initial concentration of As(III) did not affect the degradation efficiency until the
ozone concentrations were kept constant at a particular value (6.8 ppm in this case). The
mass balance of arsenic concentration was also calculated and presented in Fig. 7.3 (d).
As increasingly more As(III) was oxidized, the concentration of As(V) within the reactor
increased. The total arsenic concentration remained constant throughout the experiments,
indicating mass conservation [209].

7.4 Effect of pH

pH is considered to be a critical factor for oxidation processes. Prior literature work reports
findings related to As(III) oxidation in the pH range of 3–9. Driehaus et al. [178] used
manganese oxide to oxidise As(III) at pH levels ranging from 5 to 10. However, the impact
of pH on the rate of oxidation was not studied by them. Conversely, Sorlini and Gialdini
[282] have showed variations in the oxidation rates with hypochlorite, monochloramine,
potassium permanganate, and chlorine dioxide at the pH range of 5-8 while employing.
Hug and Leupin [283] found that As(III) oxidation by H2O2 was sluggish at neutral and
acidic pH values. Khuntia et al. [209] investigated the effect of ozone microbubbles on the
oxidation of As(III) to As(V) at pH ranging from 5-9 and found that acidic pH = 6 gave
better oxidation results as compared to basic pH = 9. Han et al. [195] concluded As(III)
oxidation to As(V) was 97% effective at pH 1 by blowing O2 nanobubbles by studying the
oxidation in the pH range from 1-10.
In the current study, the pH effect (3 to 11) on the oxidation of As(III) with ozone
nanobubbles was investigated. The studies were conducted at a constant ozone flow rate
of 3 L/min (6 -7 ppm ozone concentration) and 1 ppm of initial As(III). The pH of the
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Figure 7.3: (a) Effect on oxidation of As(III) to As(V) at different initial concentrations of
As(III) (b) Degradation efficiency with time achieved at the end of 20 minutes at varying
As(III) initial concentration (c) Reaction rate constant following the first order kinetics
(d) Mass balance of total arsenic at 1 ppm As(III) initial concentration

solution was varied with 1M NaOH and 1M HCl solutions. The studies were carried out
to determine the highest conversion rates at pH levels (3, 5, 7, 9, and 11) over the course
of 10 minutes. The following reactions elucidated how the products of As(III) and ozone
reaction vary with pH [284] [285]: At pH 6.5:

H3AsO3 +O3 −→ H2AsO4
− +O2 +H+ (7.1)

At pH 8.5:
H3AsO3 +O3 −→ HAsO4

2− +O2 + 2H+ (7.2)

Fig. 7.4 represents the oxidation results of As(III) to As(V), degradation efficiency, rate
kinetics, and dissolved ozone concentration. Fig. 7.4 (a) concluded that As(III) oxidation
to As(V) decreased as we shifted the pH from acidic to alkaline. Within a time span of 10
minutes, the degradation efficiency reached a maximum of 70% at pH 3 and a minimum
of 39% at pH 11 as depicted in Fig. 7.4 (b). This can further be justified by calculating
the reaction rate kinetics, as shown in Fig. 7.4 (c). It was found that the reaction followed
first-order kinetics. The rate constant K at pH 3, with a value of 0.10854 min-1, was the
maximum, while the lowest K was associated with conditions set at pH 11 (0.04605 min-1).
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Figure 7.4: Effect on oxidation of As(III) to As(V) at varying pH (3-11) (a) As(V) final
concentration vs pH after 10 minutes (b) Degradation efficiency achieved at the end of
10 minutes at different pH (c) Reaction rate constant K with at varying pH (d) Online
dissolved ozone measurements during oxidation process

It was also found that the amount of dissolved ozone was higher in acidic pH conditions
relative to basic pH. The dissolved ozone concentration profiles have been displayed in Fig.
7.4 (d). They illustrated ozone concentrations to be 5 ppm and 4 ppm at 3 and 11 pH,
respectively. We, therefore, inferred that the higher the amount of dissolved ozone present,
the better the oxidation and the greater the degradation efficiency.
pH has had a major effect on ozone activity because the mechanism that produces free
radicals differs depending on pH. At varying pH, ozone can react through two distinct
methods. In basic media, ozone breaks down to produce ROS and •OH radicals, whereas
direct ozone attack has proven to be more prevalent in acidic pH environments [229]. The
decomposition of ozone in acidic media can be explained through the following reaction,
where the proton H+ reacts with ozone to form O2 and water [286] [287] [258]:

O3 + 2H+ + 2e− −→ O2 +H2O (7.3)

When O3 interacts with OH-, it breaks down two additional ozone molecules and
regenerates the OH- ion. The absence or lack of an acceptor drastically alters the situation.
Ozone chain disintegration happens through reactions involving •OH and HO2

• radicals.
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Chain termination happens when these radicals recombine. The decomposition of ozone
with OH- is as follows[288] [287] [229]:

O3 +OH− → O2 +HO2
− (7.4)

O3 +HO2
− → O2

.− +OH . +O2 (7.5)

O3 +O2
.− → O3

.− +O2
. (7.6)

O3 +H2O → OH . +OH− +O2 (7.7)

In addition to the ozone’s aforementioned reaction processes at basic and acidic pH values,
variations in the pH of the solution also affect As(III) speciation [289]. The dominant
species H3AsO3 dissociated into H2AsO3

-, H2AsO3
2- and AsO3

2-. The increased oxidation
of As(III) at pH 3 was probably due to the dependence of each of these kinds of As(III)’s
interaction rates with ozone. During the initial 5 minutes of the response, minor but
significant changes were similar to the results reported in Moore et al. [289] where oxidation
of As(III) was done with birnessite.

7.5 Effect of chloride ions/salts on oxidation of As(III)

Salts are known to have a physical and chemical influence on the oxidation of ozone. Ozone
undergoes physical alterations to its solubility and mass transfer. Generally, the presence
of salts lowers the gas solubility. In solutions containing salt, a shift in the solubility of
ozone has been reported earlier by Rischbieter et al. [290] and Sotelo et al. [291]. This
phenomenon was termed as the "salting out effect". Sotelo et al. [291] studied that at
lower pH of 2.5, phosphate and chloride ions were found to increase the decomposition
rates of ozone [291]. Ozone’s half-life period was halved in the presence of 0.1 M NaCl due
to the direct interaction between ozone and the chloride anion as shown in the following
reactions [256]:

O3 + Cl− → O2
•- +OCl− (7.8)

O3 +OCl− → 2O2
•- + Cl− (7.9)

Thus, this section focused on the effect of the addition of monovalent salt (NaCl) (1, 2, 3,
10, 25 and 50 mM NaCl) on the oxidation of As(III) (at 1 ppm). The results are depicted
in Fig. 6. The evolution of As(V) concentrations was shown for different concentrations of
NaCl in Fig. 7.5 (a). It was found that as the salt concentration increased, the oxidation of
As(III) to As(V) gradually decreased. The degradation efficiency reached 100% within 30
minutes for low salt concentrations (1mM and 2mM). However, once the salt concentration
exceeded 2 mM, the degradation efficiency dropped to 78%, 30%, 25% and 18% at 3, 10,
25 and 50 mM NaCl concentrations, respectively (refer 7.5 (b)). These results were further
validated by the values of the rate constant obtained from the fit of a first-order kinetics
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Figure 7.5: Effect of various concentration of monovalent salts (NaCl) on As(III) oxidation
(a) Oxidation of As(III) to As(V) at different NaCl concentrations (1-50 mM) (b)
Degradation efficiency with time achieved at different NaCl concentrations (c) Reaction
rate constant K (d) Online dissolved ozone measurements during oxidation process

model (R2= 0.98) as given in Fig. 7.5 (c) values at 50 mM NaCl (0.00666 min-1). Thus,
these results correlated with those obtained for the degradation efficiency. The reaction of
ozone with chloride ions leads to the formation of superoxide radicals (O2

•-) as described
in reactions 10 and 11. Although (O2

•-) is a reactive oxygen species with a redox potential
of 0.55 V, it is very low relative to ozone (E0 = 2.07 V) [257]. The lower degradation
efficiency at higher salt concentrations could be attributed to the lower redox potential
of the superoxide radical. The dissolved ozone concentrations, depicted in Fig. 7.5 (d),
showed that dissolved ozone decreased for higher salt concentrations. This explains the
salting-out effect, where higher concentrations of salts hinder the mass transfer efficiency
of ozone gas, thereby decreasing the dissolved ozone concentrations. The results further
indicate that the lower the dissolved ozone concentrations, the lower the mass transfer
efficiency, leading to lower oxidation rates.

7.6 Effect of 2-propanol as OH radical scavenger

Ozone can create hydroxyl radicals in aqueous media under specific circumstances (i.e.
basic pH) [292]. One of the key processes in the oxidation of any organic or inorganic
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material is the production of hydroxyl radicals from ozone. The •OH radical may react
with a wide range of substances that are usually resistant to ozone oxidization due to
its high standard redox potential (2.8 V) compared to the standard redox potential of
ozone (2.07 V). Takahashi et al. [29] studied the formation of hydroxyl radicals in bulk
nanobubbles through electron spin resonance (ESR) technology. It was anticipated that the
source of the hydroxyl radical spin-adducts would be bulk nanobubbles. Michailidi et al.
[28] confirmed the formation of hydroxyl radicals due to the collapse of the oxygen and
air nanobubbles using electron paramagnetic resonance (EPR) under ambient conditions.
As(III) can typically be oxidized by hydroxyl radicals, molecular ozone, or a combination
of the two during ozonation. Therefore, radical scavenging experiments were performed to
confirm whether the hydroxyl radicals are being generated during ozonation and whether
they are responsible for As(III) oxidation. The existence of •OH radicals and all the
relative contributions of molecular ozone to the oxidation of As(III) was investigated by
employing 2-propanol as an •OH radical scavenger. Fig. 7.6 (a) elucidated the effect of
2-Propanol as a radical scavenger at three different concentrations of 0.01, 0.02 and 0.05
M [209]. Adding 0.01 M of 2-propanol hardly affected the conversion of As(III) to As(V).
Nevertheless, increasing the concentration from 0.01 to 0.05 M, the degradation efficiency
decreased from 95% to 80% over the duration of 30 minutes as shown in Fig. 7.6 (b). The
rate kinetics calculations illustrated in Fig. 7.6 (c) depicted that the presence of 2-Propanol
affected the degradation efficiency by inhibiting the activity of •OH radicals. The highest
rate constant K following the first order kinetics was when no scavenger was used (0.13815
min-1) was achieved compared to K at 0.05 M 2-Propanol (0.05907 min-1). The noticeable
impact of 2-propanol on the ozone nanobubble-mediated oxidation of As(III) validated
the involvement of hydroxyl radicals. It is evident that the •OH radicals serve as an
efficient oxidant for As(III) since 2-propanol scavenged these radicals. This decrease in the
degradation efficiency in the presence of 2-Propanol can also be attributed to the fact that
the amount of dissolved ozone produced at each condition varied as shown in Fig. 7.6 (d).
As(III) is expected to react with both •OH radicals and molecular ozone at pH values of 5
and 6. Various studies [209], [283] and [293] reported the formation of As(IV) intermediates
upon the reaction of arsenic oxide with hydroxyl radicals which further oxidised to As(V).
The reactions between As(III) and hydroxyl radicals are as follows:

As(OH)3 +OH• −→ As(OH)4 (7.10)

As(OH)2O
− +OH• −→ As(OH)3O

− (7.11)

As(OH)4 −→ H2AsO3 +H2O (7.12)

As(OH)4 −→ HAsO3
− +H+ +H2O (7.13)

H2ASO3 −→ HAsO3
− +H+ (7.14)

As(OH)2O
− +O− −→ AsO3

2− +H2O (7.15)

The pH determines the formation of the As(IV) species. While As(OH)3O- was discovered
in the pH range of 8.5–10, the species As(OH)4 was seen at pH < 6. At pH > 3, the
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Figure 7.6: Effect of addition of scavenger (2-Propanol) (a) Oxidation of As(III) to As(V)
at 0.01 -0.05 M 2-Propanol concentrations (b) Degradation efficiency at different scavenger
concentration (c) Reaction rate constant K (d) Online dissolved ozone measurement during
oxidation process

species HAsO3
- and AsO3

2- develop. Therefore, As(IV) would exist as As(OH)4, HAsO3
-,

and AsO3
2- in the event that ozone microbubbles produced •OH radicals in an acidic

environment. It was not anticipated that the species As(OH)3O- would arise under these
circumstances. Every As(IV) species oxidises further to become As(V) [293] [209].



Chapter 8

Conclusion

This chapter summarizes the conclusions drawn from each objective and provides
recommendation for future work.

8.1 Conclusion

In this work, the characteristics and stability of ozone nanobubbles in advanced oxidation
processes (AOPs) under different parameters have been studied. How nanobubbles help
in enhancing the solubility and mass transfer coefficient of ozone in wastewater treatment
has been investigated. Along with that, application of ozone nanobubbles in treating the
various contaminants present in wastewater such as antibiotics, organic contaminants like
dyes and heavy metals. The effects of several important parameters such as pH, ozone
generation rates, presence of salts and surfactants have been presented. Degradation
kinetics, measurement of mass transfer coefficient and degradation pathways have been
studied in detail for each contaminant. The salient accomplishments and the major
conclusions are briefly present as per different sections.

8.1.1 Characteristics, stability and application of ozone nanobubbles

• The peculiar properties of the (O3
−) nanobubbles and their application in dye

degradation were investigated in this work. The ozone decomposes into superoxide
anions (O3

−) with and without the presence of salt and the higher negative zeta
potential of the nanobubbles was perhaps due to the O3

−. The rate of formation
of O3

− may be further enhanced by the high ozone flow rate of the ozone gas. The
presence of chloride ions also facilitates the formation of O3

− which reflects on the
zeta potential of nanobubbles.

• The (O3
−) nanobubble dynamics were observed to be in stark contrast with the

air/oxygen nanobubbles both in the presence and absence of the salts. The surface
charge of Air/oxygen nanobubbles decreases with salt concentration whilst ozone
nanobubbles increase. (O3

−) nanobubbles in alkaline and acidic medium behave
similarly to that air/oxygen nanobubbles.

• Despite the reactive nature of the ozone, the alkaline medium favors the generation
of ozone nanobubbles. However, the dissolved ozone in water was observed to be
much smaller in the alkaline medium due to the faster ozone degradation. On the
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other hand, in the case of air/oxygen nanobubbles, the dissolved oxygen does not
affect by altering the pH of the water.

• The refractive index of the ozone nanobubbles in pure water and in the presence
of AlCl3 were estimated to be 1.004 and 1.016, respectively, which is close to the
refractive index of gas-filled bubbles.

• he mass transfer coefficient by nanobubble dissolution is estimated to be 3-fold higher
than that of the nanobubble generation. The present analysis also suggests that the
nanobubble mass transfer coefficient is significantly higher than the microbubbles.

• The radical generation property of ozone nanobubbles was analyzed using the DMPO
spin-trap ESR method. The results conclude the formation of reactive oxygen species,
as can be observed by the peaks obtained in the ESR spectra.

• The long-term stability of the nanobubble suspensions was reported to be several
weeks and the bubble size distribution preserves its structure, although the peak
gradually decreases with time.

• The dye degradation is facilitated by ozone nanobubbles due to the extraordinary
properties of the nanobubbles like high volumetric mass transfer coefficient, high
inner Laplace pressure and nanobubble provides an active surface area for the
chemical reaction which also contributes to overall dye degradation rate.

8.1.2 Tetracycline degradation for wastewater treatment based on ozone
nanobubbles advanced oxidation processes (AOPs)

• The results indicated that employing ozone nanobubbles at a lower pH level (pH
= 4) and lower salt concentrations (0.1mM NaCl) resulted in enhanced ozone
concentration, as well as more effective degradation of tetracycline compared to other
combinations.

• The degradation kinetics follow pseudo-second-order kinetics using ozone
nanobubbles which is better compared to first-order kinetics reported for sole
ozonation. It is to be noted here that comparisons were made based on the same
reactor volume.

• After comparing the effectiveness of other methods, it was found that using ozone in
the form of nanobubbles produced the best degradation efficiency.

• Preserving the high potential of ozonation requires avoiding the presence of •OH
radical scavengers, such as 2-Propanol, as the oxidation process of •OH radicals are
one of the essential processes in the mineralization of organic molecules.

• The presence of intermediates was verified through LC-MS analysis. O3 and •OH
has the ability to target the ortho or para position of the phenol ring on TC.
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Additional oxidation causes the unstable intermediates to ultimately breaking down
into inorganic compounds like CO2, H2O, and NH4

+.

• the best results with parameters for 100% degradation were at 100 mg/L of TC at 8
mg/L (10 L/min) concentrations of dissolved ozone within 20 minutes of time span.

8.1.3 Ozone nanobubbles based advanced oxidation processes (AOPs)
for degradation of organic pollutants

• Ozone nanobubbles increased the degradation efficiency by 2.8 times when compared
to oxygen nanobubbles. Quenching experiments were also performed to demonstrate
the formation of reactive oxygen species.

• It was found that the negative charge possessed by nanobubbles and the production
of reactive oxygen species (•OH, O1

2) along with ozone molecule were the fundamental
reasons for degradation.

• A higher amount of nanobubble concentration yields better degradation rates. At 5
LPM, high density of nanobubbles 19 × 107 with 145 nm mean bubble diameter gave
100% degradation with highest rate constants at each concentration of the organic
pollutant followed by 7 and 2.5 LPM ozone flow rates.

• High-density nanobubbles enhance the production of ROS which leads to higher
removal rates. Ozone nanobubble treatments decreases the pH of the water and it
was observed that this can be due to the formation of intermediates (aldehydes, acids,
etc).

• Alkaline medium favors the contaminant degradation. On comparing the effectiveness
with oxygen nanobubbles, ozone nanobubbles were more efficient with 99% removal
rates. The reaction kinetics follows the second-order kinetics while oxygen
nanobubbles [277] and air nanobubbles [213] offer first-order kinetics.

• Addition of salts and surfactants hinders the degradation rate.

8.1.4 Advanced oxidation of Arsenic(III) to Arsenic(V) using ozone
nanobubbles under high salinity

• Highest nanobubble density was achieved when ozone flow rate was set at 3 LPM and
introduced by the nanopore diffusion method to the reactor system. A bubble density
of 6.2 × 107 bubbles.mL-1, zeta potential of -11 mV and mean bubble diameter of
125 nm was achieved.

• The oxidation of As(III) to As(V) was affected by parameters such as ozone flow rates
and initial concentration of arsenite. The rate of oxidation increased with increasing
ozone concentrations. The dissolved ozone concentration reached a maximum at 3
LPM. Hence, it was considered as an optimum operating condition for oxidation to
take place providing 99% conversion of As(III) to As(V).
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• One of the factors regulating the oxidation of As(III) was the medium pH. The
conversion of As(III) was faster in acidic conditions (pH 3 and 4) with 70 and 60%
degradation efficiency as compared to basic conditions (pH 9 and 11). The latter was
associated with a degradation efficiency of 45 and 39% respectively. This behaviour
is most likely caused by the fluctuation in As(III) speciation with pH.

• Salt addition had a negative impact. It decreased the degradation efficiency from
100 to 19% as the concentration of salt increased from 1 to 50 mM. The plausible
reason for this can be explained by the salting out effect which hinders the solubility
of ozone.

• ROS, •OH radical and molecular ozone were found to be the key species responsible
for the oxidation process. 2-propanol confirmed the presence of •OH radical during
the conversion of As(III) to As(V). The As(III) oxidation kinetics could be described
by a first order model.

8.2 Scope for future work

In this work, understanding ozone nanobubbles under different water conditions, their
characteristics and stability along with its application in the degradation of various
contaminants such as antibiotics, organic pollutants and heavy metals has been performed.
However, this work can further be put into practical applications, thus providing some
future aspects.

• Ozone nanobubbles can be a substitute for the chemical sterilization method such
as chlorine, UV, etc. due to the extraordinary stability of the nanobubbles. Ozone
nanobubbles can also eliminate the problem of short-term sterilization like UV.

• Ozonation in the effluent treatment plant is considered to be expensive and suffers
from the scale-up problem. Ozone nanobubble offers cost reduction by process
intensification and facilitates the scale-up for industrial-scale applications.

• The enhanced mass transfer coefficient due to ozone nanobubbles increases the overall
rate of dye degradation. This aspect can be utilized in the process design calculation
in disinfection and wastewater treatment applications to reduce the cost of the
treatment.

• Optimization of parameters such as ozone consumption, cost effectiveness, energy
consumption can be studied. On the other hand, it is worth exploring the degradation
mechanism of other types of antibiotics having different structural characteristics by
ozone in the form of nanobubbles.

• Comparison of the conventional AOPs with the ozone nanobubbles in terms of
degradation rates, efficiency, by-product formation and energy consumption can be
carried out to get better insights on the advantages of ozone nanobubbles.
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Appendix A

Figure B.1: Ozone nanobubble preparation in the presence of monovalent salt (NaCl) (a)
3D representation of bubble number density of NBs at different concentrations of salts
(0.1-100 mM) (b) Dissolved ozone concentration at every one-minute time interval for a
period of 30 minutes.

Figure B.2: Ozone nanobubble preparation in the presence of trivalent salt (AlCl3) (a) 3D
representation of bubble number density of NBs at different concentrations of salts (0.1-100
mM) (b) Dissolved ozone concentration at every one-minute time interval for a period of
30 minutes.
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Figure B.3: 3D representation of Ozone nanobubble preparation at different pH (2-12).

Figure B.4: Dissolved ozone concentration during ozone dissolution (1:5) at various
conditions (a) varying ozone flow rates (1-10 LPM) (b) varying pH (2-12) (c) monovalent
salt (NaCl) (d) trivalent salt (AlCl3)
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Figure B.5: (a) Dissolved ozone at different ozone flow rates (b) increase in dissolved ozone
at 1:4 dilution ratio (c) increase in dissolved ozone at 1:6 dilution ratio (d) mass transfer
coefficient at different conditions.
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Appendix B

C.1 Determination of volumetric mass transfer coefficient

(Model development)

The calculation of the volumetric mass transfer coefficient is presented here. Firstly, the
ozone decomposition constant kd were calculated using Eq 7. It was found by determining
the slope of the curve fit of ozone concentration vs time. Further this value of kd was
substitutes in Eq 6. On further integrating Eq 6, kLa values were determined by curve
fitting as shown in Fig (ii). Sample calculations for one particular case have been mentioned
below in Figure C.1:

Figure C.1: Sample calculations for (i) kLa (ii) kd.
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Figure C.2: (i) Dissolved ozone measurements in pure water and during TC degradation
(2.5 LPM) (ii) Comparison of molar excess of O3 to degradation efficiency (%) of TC at
2.5 LPM (iii) Dissolved ozone measurements in pure water and during TC degradation
(5 LPM) (iv) Comparison of molar excess of O3 to degradation efficiency (%) of TC at 5
LPM.

Figure C.3: Comparison of dissolved ozone in pure water and during degradation of TC
(100-400 mg/L) (i) 10 LPM (ii) 5 LPM (iii) 2.5 LPM.
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Figure C.4: (i) Comparison of dissolved ozone in presence of pure water to different salt
concentrations (ii) Comparison of dissolved ozone in presence of only NaCl to NaCl + TC
(0.1, 1, 5mM) (iii) Comparison of dissolved ozone in presence of only NaCl to NaCl + TC
(10, 50, 100 mM).

Figure C.5: (i) Tetracycline degradation at low concentrations (1-50 mg/L) (ii) Kinetics
with rate constant k at 10 LPM ozone flow rates.



140 APPENDIX C. Appendix B

Figure C.6: LC-MS peaks with MS spectra during TC degradation at an interval of 5
minutes.

Figure C.7: Stability of ozone nanobubbles at different ozone flow rates (2.5, 5 and 10
L/min) over a period of 30 days (i) Bubble number density (bubble.mL-1) (ii) Mean bubble
diameter (nm
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Figure C.8: Scheme 1
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Figure C.9: Scheme 2
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Figure C.10: Scheme 3
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Figure C.11: Scheme 4
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Figure D.1: Kinetic study for effect of ozone flow rates (a) 100 mg/L green rit dye (b) 200
mg/L green rit dye (c) 10 mg/L methylene blue dye (d) 20 mg/L methylene blue dye
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Figure D.2: Kinetic study for effect of pH on (a) 100 mg/L green rit dye (b) 200 mg/L
green rit dye (c) 10 mg/L methylene blue dye (d) 20 mg/L methylene blue dye

Figure D.3: Kinetic study on effect of salts on green rit dye (200 mg/L) (a) Monovalent
salt (b) Divalent salt (c) Trivalent salt (d) Rate constant k for all three salts
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Figure D.4: Kinetic study on effect of salts on methylene blue dye (20 mg/L) (a)
Monovalent salt (b) Divalent salt (c) Trivalent salt (d) Rate constant k for all three salts

Figure D.5: Kinetic study on the effect of surfactants (a) SDS on green rit dye (200 mg/L)
(b) CTAB on green rit dye (200 mg/L) (c) SDS on methylene blue dye (20 mg/L) (d)
CTAB on methylene blue dye (20 mg/L)
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Figure D.6: Kinetic study on (a) Comparison of ozone and oxygen MB’s and NB’s (b)
Negative and positive oxygen NB’s (c) Radical scavenging experiments

Figure D.7: Analysis of intermediates formed during ozonation of 100 mg/L methylene
blue by LC-MS analysis showing MS spectra and the possible degradation mechanism.
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Figure D.8: LC chromatograms for the LC-MS analysis of the methylene blue dye.
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